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Abstract 
Mesoporous Materials for Dental and Biotechnological applications, Curcumin Polymers and 
Enzymatic Saccharification of Biomass 
Indraneil Mukherjee 
Advisor: Yen Wei 
 
 The nonsurfactant templated sol–gel route has been demonstrated to be a cost effective, 
green and biofriendly pathway to obtain mesoporous materials with an interconnected network of 
wormhole–like pores. It involves the formation of a metal–oxide network around an inert organic 
molecule (e.g., sugar molecules) which functions as a template and can be later removed by 
simple extraction with water or other solvents.  
 This research describes the preparation of mesoporous zirconia and organo–
functionalized silica by the acid–catalyzed nonsurfactant templated sol–gel route and also 
describes the use of sublimation as a method for the template removal. Mesoporous silica 
nanospheres with tunable particle size were also prepared by modifying the base–catalyzed 
Stober process with the addition of various sugar molecules as templates. The materials were 
characterized using TGA, nitrogen adsorption–desorption, SEM, TEM, XRD and FTIR. 
 The application of nonsurfactant templated mesoporous materials in the area of enzyme 
encapsulation and stabilization is explored in this research. A novel ‘double encapsulation’ 
approach that enables a sol–gel encapsulated protease to retain 60 % of its original activity after 
4 weeks in harsh environments, such as high pH buffer and laundry detergent, is demonstrated. 
 The need for aesthetic, as well as durable, dental restorations has led to extensive 
research in the area of dental composites. This study examines the use of nonsurfactant 
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templated mesoporous materials as fillers in dental composites. Mesoporous materials of 
irregular morphology prepared by acid–catalyzed sol–gel routes as well as mesoporous silica 
spheres prepared via base–catalyzed sol–gel reactions were both employed as fillers in 
experimental dental composites. This research led to the development of novel ‘dental monomer 
templated mesoporous materials’, which were also evaluated as fillers in dental composites. 
Various approaches, such as dense packing, addition of nanosilica and spherical fillers, etc., were 
employed to fabricate nanocomposites with improved mechanical properties. The composites 
were evaluated using flexural and compression testing. 
 Curcumin, the ground rhizome of Curcuma longa, a common South Asian herb has 
attracted much attention due to its chemopreventive and anti–inflammatory properties. This 
research describes the synthesis of a series of poly [(arylenedioxy)(diorganylsilylene)]s via 
polycondensation between curcumin and various diorganodichlorosilanes. These novel polymers 
incorporate the β–diketone unit of curcumin as well as the Si–O bond in the backbone. The 
polymer structure was characterized by means of 1HNMR, FTIR and elemental analysis, while 
GPC results showed high molecular weights. Preliminary cell culture results suggested lack of 
cytotoxicity, which is important for potential applications, such as implants and tissue 
engineering scaffold materials. The unique and interesting thermal behavior of these polymers 
was studied by DSC.  
 The technology of enzymatically degrading biomass into simple sugars, such as glucose, 
is a critical step towards viable production of bio–based ethanol from non–food related sources. 
This research demonstrates the use of a biosensor–based diabetic blood glucose monitor as a 
rapid glucose detector and compares it to time consuming UV assays that are currently employed 
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in research laboratories. Pretreatment of wood shavings with ferric chloride, followed by 
treatment in cold NaOH/urea solution was found to significantly enhance glucose production 
upon enzymatic hydrolysis. 
 Finally, accounts of exploratory experiments in the areas of thermally crosslinkable high 
temperature elastomers and inorganic–organic hybrid materials are provided in the appendix 
sections of this thesis.                        
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Chapter 1: Overview of sol-gel mesoporous materials, dental nanocomposites, high 
temperature, biocompatible and bio–based polymers 
 
1.1. Organization of this dissertation 
 This dissertation contains 7 chapters and 3 appendices. Chapter 1 is geared towards the 
description of the basic and necessary background for understanding some of the historic aspects 
and synthetic concepts as well as the characterization methods employed in this research. For 
those who are well versed in polymer and materials chemistry, you may skip this chapter or use 
it as a reference. 
 Chapters 2 to 7 present the original research results from my doctoral studies. Each 
chapter has been written as an independent and self–contained article that has been or could be 
submitted for publication. Chapter 2 explores the feasibility of utilizing sublimation by either 
heating (below 400 ºC) or vacuum as a novel and effective means of removing the templating 
molecules from the acid catalyzed sol–gel mesoporous matrices of zirconia and organo–
functionalized silica. Chapter 3 discusses the synthesis and characterization of monodispersed, 
mesoporous silica nanospheres using the base–catalyzed nonsurfactant templated sol–gel route, 
which is a modified Stober method. Chapter 4 describes the sol–gel encapsulation of enzymes 
for the use of enzymes in harsh aqueous media. A novel ‘double encapsulation’ approach to 
enhance stability is also discussed. Chapter 5 is a compilation of various studies in the area of 
dental materials developed in our laboratory. It includes the mechanical evaluation of 
mesoporous filler loaded dental composites with various heat treatments; flowable composites 
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using organic–inorganic hybrid resins; mesoporous spherical filler loaded composites, nanofiller 
loaded composites, and composites filled with monomer templated mesoporous fillers. Chapter 6 
describes the synthesis and characterization of novel aromatic polysiloxanes containing curcumin 
as repeat unit in the backbone as a bio–based synthetic polymer with potential application in 
anti–inflammatory implants. Special attention is paid to crosslinking and thermal properties. 
Chapter 7 assesses the use of the diabetic blood glucose monitor as an alternative to the UV 
spectroscopy based assay for evaluation of glucose production from the digestion of cellulose. A 
method to improve sugar yields from degradation of actual biomass is also described.  
 Appendix A presents the preliminary results on the development of novel organic–
inorganic hybrid materials. Appendix B contains research on high temperature elastomers carried 
out in collaboration with Mr. Kerry Drake as a part of an exploratory project for Greene Tweed 
Inc. Finally, Appendix C presents a research proposal entitled “Application of Frontal 
Polymerization to Manufacturing of Large Crossection Composite Structures by a modified 
Pultrusion process” which was presented and successfully defended on September 20th 2007 as a 
partial fulfillment of the requirement for the Ph.D. candidacy at Drexel University.  
 
1.2. History and motivation 
 Materials have influenced the development of mankind so significantly that historians 
measure human progress itself by the type of material used. From the Stone Age to the Bronze 
Age, the Iron Age and to the Silicon Age (the revolution of information technology in the last 
century), the ability to obtain and manipulate materials has ensured human survival. This century 
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could be marked as the Age of Polymers and nanotechnology. History tells us that civilizations 
that had access to advanced materials technology were often more successful through war, 
natural disasters and climatic changes. The selection of lead as the plumbing material of choice 
may have been responsible for the decline of the Roman Empire. The ability to mass produce 
high quality steel led to the Industrial Revolution. In recent times, advancement in silicon wafer 
processing technology was largely responsible for the rapid growth of the computer industry. 
Materials are defined as “substances having properties which make them useful in machinery, 
structures, devices and products” 1.  
 On the other hand, chemistry is “the study of matter and the changes it undergoes” 2. 
Indeed, the Chinese characters for chemistry mean “study of change”. Fundamental knowledge 
of chemistry has been used to develop improved materials since the dawn of humanity. In fact, 
the anticorrosion properties of ancient Indian iron baffle scientists even today 3. Techniques such 
as calcination of limestone for the production of lime mortars were known to the Mesopotamians 
since 2450 BC 4. However, in spite of such a vitally important role of chemistry in materials 
development, the field of Materials Chemistry is only an emerging science. Materials Chemistry 
is an interdisciplinary science that focuses on the design and synthesis of new materials of all 
types. 
 The development of synthetic polymers is an excellent example of the role of chemistry 
in new material development. The word polymer comes from the Greek words poly, meaning 
many and meros, meaning parts. The word macromolecule which was introduced by Staudinger 
is actually an oxymoron. It combines the Greek word macro, meaning large, with the French 
word molécule, meaning extremely small particle. Macromolecule literally means ‘large 
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molecule’ and encompasses synthetic polymers as well as other large molecules such as 
enzymes, DNAs, RNAs, cellulose, macrocycles, etc.  
Ever since Charles Goodyear accidentally prepared vulcanized rubber in 1839, 
experiments with synthetic and semi-synthetic materials were carried out with great enthusiasm. 
This led to the development of Bakelite, the first commercial synthetic polymer. Fundamental 
understanding of the technology of crosslinking polymer chains would eventually lead to two 
distinct categories of materials: the densely crosslinked thermosets and the loosely crosslinked 
elastomers. However, the macromolecular structure of polymer molecules was not well 
understood in the early 1900s. Staudinger was ridiculed for proposing the idea that materials like 
rubber, starch, cellulose and proteins were in fact long covalent chains consisting of repeating 
small molecule units. His opponents claimed that since these ‘macromolecules’ appeared to have 
different molecular weights for the same composition and did not crystallize, they did not satisfy 
the purity criteria of true organic compounds. Another strong case for opposition was the fact 
that not all of these materials were formed by the same process. While styrene and methyl 
methacrylate could be made into macromolecules using free radical initiators, phenol had to be 
reacted with formaldehyde in order to generate a hard, intractable material. However, his 
perseverance was recognized as he was awarded the Nobel Prize in Chemistry in 1953 for his 
contributions to macromolecular chemistry – the first ever Nobel award in polymer chemistry. 
 The work of Wallace Carothers helped clarify some of the difficulties. His approach 
towards the ‘step-wise’ building of synthetic polymers by using known condensation reactions of 
small organic molecules generated nylon-66, the first mass produced synthetic polymer. The 
demand for manufactured goods after World War II led to the development of new fibers, 
elastomers, plastics, resins and adhesives. These materials were used to either make components 
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directly or in packaging. Their light weight and easy processibility made them very attractive 
materials. This explains why more than 50 % of all chemists and chemical engineers, as well as 
scores of material scientists, physicists and more recently biologists, are involved with research 
on polymer science and technology.  
 While polymer chemistry has roots in traditional organic chemistry, today it has become 
a broad, interdisciplinary field that involves not only all of chemistry but many aspects of 
engineering, biology and physics as well. For example, Karl Ziegler, a winner of the 1963 Nobel 
Prize in chemistry for his work on the Ziegler-Natta catalyst was an organic chemist by training. 
Alan G. MacDiarmid, a winner of the 2000 Nobel Prize for research on conducting polymers 
was an inorganic chemist, whereas, Pierre-Gilles de Gennes was a physicist who received the 
1991 Nobel Prize for developing a generalized theory of phase transitions particularly useful in 
polymer chemistry.  
 As polymers developed, so did the need to characterize and evaluate them analytically. 
This again resulted in a demand for researchers with a background in chemistry; however, this 
time the focus was on analytical chemistry. Over the last 50 years or so, analytical chemists and 
engineers have collaborated to fabricate techniques that are well equipped to analyze polymers. 
Techniques like Size Exclusion Chromatography (SEC), Matrix Assisted Laser Desorption 
Ionization (MALDI), Vapor Pressure Osmometry, Differential Scanning Calorimetry (DSC), 
Rheometry, etc., are specially adapted to analyze the chemical and thermo–mechanical properties 
of polymers.   
 Materials chemistry has become rather intimately associated with medical science. 
Plaster of Paris was developed as a bone substitute material. The use of polymeric materials to 
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replace malfunctioning organs including the human heart has promoted an extensive search for 
biocompatible materials. Interestingly, one of the common polymers used in medical devices 
happens to be a special grade of the simplest and largest tonnage plastic in the world – 
polyethylene. UHMWPE or Ultra High Molecular Weight Polyethylene has molecular weights in 
the range of millions and excellent abrasion resistance and wear properties. Another common 
polymer used for medical implants is poly(dimethyl siloxane) or silicone, which has an inorganic 
backbone but organic side chains.  
 On the other hand, the ability to fabricate synthetic polymers from renewable resources 
will play a key role in the future. With diminishing fossil fuels, the sources of monomers for 
polymer synthesis are limited. This presents a great challenge to all materials chemists and 
particularly to polymer chemists. The use of natural products to develop advanced polymers is 
becoming popular. While existing natural polymers, such as cellulose, starch, chitosan, etc., have 
been used for a variety of applications, they have significant shortcomings in terms of 
processibility, which prevents them from replacing synthetic polymers. While various naturally 
occurring compounds such as amino acids 5, L-malic acid and L-lysine 6, etc. have been 
polymerized in recent times, there has not been an extensive effort towards using natural 
compounds as monomers for polymerization. 
The study of thermal properties of materials is another intriguing aspect of materials 
chemistry. While most commodity organic plastics cannot withstand extensive exposure to 
temperatures above 200 °C, certain polymers can be used at temperatures as high as 400 °C. 
Their light weight, relatively low cost and easy processibility makes polymers attractive in the 
field of high temperature materials, a field dominated by ceramics and metals which have vastly 
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superior thermal properties. Applications are primarily in the aerospace, electronics and 
photonics industries 7, 8. Design of polymers for high temperature applications calls for a 
particularly thorough investigation in the fundamental polymer structure–property relationships.  
 Among inorganic materials, apart from metals, glass is the most ancient and most 
commonly used. Metal oxide ceramics like silica (SiO2) and alumina (Al2O3) have been known 
for centuries while others like zirconia (ZrO2), titania (TiO2) and yttria (Y2O3) are more recent. 
Chemical inertness and the ability to manipulate porosity and pore structure have encouraged 
extensive research in these materials. Over the last century, rapid transformation of ceramic 
technology and associated chemistry has led to the development of bioceramics to replace 
various body parts, particularly bone 9. In 1965 Hench and coworkers discovered the ability of 
certain glasses to bond with bone, leading to the development of Bioglass® 10. These materials 
can undergo rapid surface reaction resulting in fast tissue bonding. Other ceramics, such as 
alumina and zirconia, have found medical applications owing to their inertness. Apart from 
medical applications, porous metal oxide ceramics find use in corrosion protection 11, catalysis 
12, enzyme immobilization 13, energy storage 14, 15, chromatographic applications as well as fillers 
in composite materials. The study of porous and nonporous inorganic metal oxides is therefore a 
key focus area within the science of materials chemistry.  
 Another important area within materials chemistry is the vast field of nanotechnology. 
The US nanotechnology initiative website defines nanotechnology as “the understanding and 
control of matter at dimensions of roughly 1 to 100 nanometers, where unique phenomena enable 
novel applications” 16. No discussion of nanotechnology is complete without recalling Richard 
Feynman’s pioneering statement “There is plenty of room at the bottom”. Nanotechnology has 
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potential to affect critical aspects of science and technology, such as pharmacy, information storage, 
refrigeration, sensors, catalysis, paints, energy storage, etc. From a materials chemistry perspective, 
the ability to synthesize and characterize the following materials is particularly appealing 17: 
Cluster: A collection of about 50 units (atoms or molecules)  
Colloid: A stable liquid phase containing 1 to 1000 nm sized particles 
Nanoparticle: A solid particle in the 1 to 1000 nm size range  
Nanocrystal: A solid particle that is a single crystal, in the nanometer size range 
Nanoscale (nanophase) material: A solid material with one dimension in the nanometer range. Thus, 
if all three dimensions are in the nanometer range, it is called a nanoparticle; if only two are in this 
size range then it is called a nanowire; if only one is in the nanometer range it is called a thin film.    
Nanoporous: A material with pore diameters in the 1 to 100 nm size range, which includes 
“mesoporous” materials that have pore size of about 2 to 50 nm. 
The sol–gel process of inorganic polymerization has been used to prepare the highly 
crosslinked metal oxide networks in this research. The sol–gel process is well suited to the 
preparation of nanoscale materials 17. This useful technique was used in this research to prepare 
mesoporous (i.e. pore size of 2 to 50 nm) materials in both monolith and nanoparticle forms. 
While some effort was made towards the synthesis of new mesoporous materials, a large part of 
this research deals with the application of sol–gel mesoporous materials. Two applications that 
were extensively investigated are in enzyme immobilization and as fillers for dental composites.  
 The fields of polymer chemistry and ceramics converge in the area of dental composites 
which use ceramic glasses as inorganic filler and polymeric resins as organic matrix. Since the 
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work of Bowen in the 1960s, tooth–colored dental restorations have become largely popular. 
Dentists depend on chemistry of photopolymerization to crosslink or ‘cure’ the restorations 
applied to teeth. The filler material is often the most critical factor in determining the success of 
a dental restorative material. 
 Not only can the knowledge of materials chemistry help us make new materials. Research 
on the degradation of polymeric materials to monomers has attracted a lot of attention due to 
diminishing crude oil supplies. Among synthetic polymers, polyethylene terpthalate (PET) was 
successfully decomposed to yield terpthalic acid with a remarkable efficiency of 98% 18. The 
ability to produce monomeric material from polymeric waste represents a potential solution to 
the energy and environmental pollution problems.   
 To develop a background for the topics to be discussed in the upcoming chapters, the 
following sections of this chapter will provide a brief review of the areas of materials chemistry 
that are addressed in this research: sol–gel chemistry, mesoporous materials, enzyme 
encapsulation, dental materials, biocompatible polymers, high temperature polymers and 
biomass degradation, as well as the various essential characterization techniques. 
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1.3. Synthetic concepts and materials systems 
 
1.3.1. The sol–gel process 
 The sol–gel process involves the transformation of a system from a liquid (colloidal) sol 
phase into a solid gel phase. In this system, a solution of metal oxide precursors undergoes a 
series of hydrolysis and condensation reactions to form high molecular weight oligomeric 
intermediates, yet in the colloidal sol phase. Upon extensive polycondensation, the intermediates 
eventually crosslink together to form a macroscopic three–dimensional gel material.  
The phrase silica gel refers to a three–dimensional network of colloidal silica silicates. If 
the pores within the gel body are filled with water, then the term hydrogel is often used. If the gel 
is dried in such a way that the microstructure of the gel collapses (some pores are collapsed), 
then a relatively dense xerogel is formed. If the drying process allows the microstructure to be 
retained then the pores of the gel stay filled with air and a relatively low density aerogel is 
formed. 
The process was accidentally discovered by Ebleman, who left tetraethylorthosilicate 
(tetraethoxysilane) exposed to the atmosphere for a couple of months, to find that it had 
transformed into a glass like substance 19. The sol–gel method offers a unique method of 
preparing glasses and ceramics with high purities and/or at significantly lower temperatures. This 
allows for much simpler processing as compared to traditional ceramic methods. In fact, one of 
the first applications of sol-gel technology was to produce glass fibers at lower temperatures 20. 
Excellent review articles have been written to describe the vastly different techniques used in 
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great detail 19, 21-23. Fig. 1.1 illustrates the various routes that are employed to convert a colloidal 
precursor sol into a solid gel. A brief description of the routes to sol–gel silica (SiO2) relevant to 
this research is presented below: 
1.3.1.1. Hydrolytic sol–gel chemistry 
There are two different hydrolytic sol-gel reactions based on the reaction precursors employed.  
i) Metal alkoxide precursors: Metal alkoxide silica precursors are molecules containing Si–OR 
groups (alkoxysilanes) where R is an alkyl group. Tetraethoxysilane (TEOS) and 
tetramethoxysilane (TMOS) are the most common silica precursors.  Precursors containing 
organic groups like vinyl, cyano, phenyl, etc. are also available and employed. They are used to 
prepare organic modified hybrid silicas called ‘ormosils’, ‘orcomers’ or ‘ceramers’, which will 
be discussed in Chapter 2. Among non–siliceous metal oxide precursors tetraisopropoxy 
zirconium (IV) and tetrabutoxy titanium (IV) are common. However, the reactivity of the 
transition metal alkoxide precursors is much greater than the silica precursors. 
 As illustrated in Scheme 1.1, the reaction is initiated with the acid or base-catalyzed 
hydrolysis of alkoxysilanes to yield silanols and the corresponding alcohol (depending on R 
group) is produced as a byproduct. Condensation reactions between a silanol and an un–
hydrolyzed alkoxysilane molecule or between two silanol molecules proceed to form an Si–O–Si 
bond with the evolution of alcohol or water, respectively. When condensation proceeds to a 
sufficient extent, the Si–O–Si network becomes so large that it is transformed into a gel because 
it cannot remain in solution on account of sheer molecular weight. Depending on reaction 
conditions, the gel could be a monolith or precipitate into particles. 
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Scheme 1.1. Hydrolytic sol-gel route to SiO2 from alkoxysilane precursors. 
   Iler observed that the kinetics of the hydrolysis reaction proceeds rapidly at both low and 
high pH 24. The minima near a pH of 7 (Fig. 1.2) shows that the rate of the hydrolysis reaction is 
slowest at neutral pH 25. However, in both cases the mechanism is via nucleophilic attack of 
oxygen contained in water 26. While both acid and base catalysis are effective, the morphology of 
the product formed is starkly different. When acid catalysis is used linear or randomly branched 
silicate polymers are generated. These branches eventually entangle and crosslink resulting in 
gelation. Acid catalysis is therefore used to prepare monolithic silica glasses. Base catalysis 
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yields discrete, highly branched clusters which do not interpenetrate before gelation 25, 27. Fig. 
1.3 compares the morphologies of the resultant silica gels prepared from acid and base catalysis.  
Advantages of the metal–oxide precursor route: 
¾ Control of morphology can be achieved by simply altering the catalyst.  
¾ Kinetics of hydrolysis and condensation are relatively slow, therefore reactions can be 
controlled with greater precision. Final treatment of the colloidal sol can also be used to 
alter the morphology of the gels to generate a variety of products (Fig. 1.4) 28. 
¾ Reactions need relatively low temperature and mild conditions. 
¾ Byproducts are easy to remove. 
¾ The system is compatible with a variety of solvents. It is possible to avoid solvent 
altogether if   stoichiometry is adjusted to the rate of the hydrolysis reaction. 
¾ A variety of metal alkoxide precursors are commercially available and relatively 
inexpensive.  
ii) Inorganic metal salt precursors: The acid catalyzed decomposition reaction of metal salts in 
the presence of water leads to the formation of metal oxide gels 24. Sodium, potassium and 
magnesium silicates have been used in the preparation of SiO2 gels. The reactions of these salt 
precursors also proceed via hydrolysis and condensation as depicted in Scheme 1.2. 
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Scheme 1.2. Sol–gel route to SiO2 from inorganic metal salt precursor. 
 The inorganic salt precursor route is the most economical as sodium silicate (Na2SiO3) is 
the cheapest (per pound basis) out of all the types of precursors discussed here. However, the 
presence of residual sodium in the gel presents a significant difficulty 29. Further, the process is 
limited by relatively rapid kinetics, which makes the reactions difficult to control. 
1.3.1.2. Non–hydrolytic sol–gel (NHSG) chemistry 
 In commonly reported non–hydrolytic sol–gel process for silica, a silicon halide reacts 
with any molecule that is an oxygen donor (metal alkoxide, alcohol, ether) in the absence of 
water. The Si–O–Si bond is eventually formed with the elimination of the corresponding alkyl 
halide molecule (Scheme 1.3). The exchange reaction is a side reaction and may lead to loss of 
volatile silicon species 30.     
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Scheme 1.3. The non-hydrolytic sol-gel (NHSG) route to SiO2 30. 
 FeCl3 is commonly used as a catalyst in these systems and the kinetics are affected by the 
type of oxygen donor used. An excellent description of the use of NHSG chemistry in the 
synthesis of various metal oxides can be found in the review article by Vioux 31. 
The advantages of this route are as follows: 
¾ Availability of precursors in the metal halide form, especially in case of transition metals; 
¾ High reactivity of the halide precursor; 
¾ Potentially solvent free; 
¾ Useful for water sensitive compounds. 
However, the need for a waterproof environment and the possibility of exchange 
reactions are major disadvantages of the NHSG route. Additionally, high reactivity of the 
precursor prevents the possibility of intricate control that is available in the hydrolytic sol–gel 
route with metal alkoxide precursors.  
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1.3.2. Mesoporous materials 
 Lu and Zhao, rather interestingly, describe porous materials in the following words 
“Porous materials are like music: the gaps are as important as the filled–in bits.” 32. Indeed, the 
presence of pores in a material opens up a wide variety of useful properties that a non–porous 
bulk material could not possess. In addition to reducing density, the presence of pores can affect 
many physical properties, such as conductivity, solvent adsorption, etc. Two general types of 
pores are possible: open pores which are connected with the surface of the material (any 
substance adsorbed on the surface has access to the interior of the pore), and closed pores, which 
are isolated from the surface (surface adsorbate does not have access to the pore). All further 
discussion regarding pores in this work will refer exclusively to open pores unless otherwise 
mentioned. 
 Based on pore size (pore diameter), pores are classified by IUPAC into micropores (< 2 
nm), mesopores (2 to 50 nm) and macropores (> 50 nm). The term nanoporous is a general (non 
IUPAC) term used to describe all materials with pores in the 1 to 100 nm size range. Thus, all 
mesoporous materials are nanoporous. A classification of nanoporous materials based on 
chemical composition and other properties is presented in Table 1.1. Since the porous materials 
described in this research are in the mesopore size range, they will be described as mesoporous. 
Mesoporous materials find applications in hydrogen storage and supercapacitors, catalysis, 
separation science, sensors, enzyme and protein immobilization, fillers for polymer 
nanocomposites, etc.  
 Prior to 1992 all porous materials including zeolites were microporous (< 2 nm) 33. In 
1992, scientists from the Mobil Oil corporation developed materials from silica and other metal 
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oxides with periodic tunable mesopore sizes 34, 35. Surfactants were used as pore forming agents 
in these studies. The following methods are used to synthesize mesoporous materials: 
1.3.2.1. Surfactant templated method  
 The ability of surfactant molecules to self-assemble into organized aggregates is 
exploited in this method. Cationic surfactants (e.g. cetyltrimethylammonium bromide (CTAB)), 
anionic surfactants (e.g., sodiumdodecylsulfate (SDS)), nonionic surfactants (e.g., 
polyethyleneoxide (PEO), TWEEN 80, etc.) as well as block copolymers, such as Pluronic F-127 
form aggregates in solutions.  
 Ionic surfactants form aggregates primarily due to electrostatic interactions. Depending 
on reaction conditions and the type of surfactant used different types of mesophases such as 
spherical or rod shaped micelles or liquid crystalline phases, are formed. The hydrolysis and 
condensation of a metal oxide precursor around the surfactant assembly allows the formation of a 
silica network with the surfactant molecules entrapped within it. This is called the liquid crystal 
templating (LCT) approach. The surfactants are later removed, either via high temperature 
calcination or by solvent extraction. The LCT method is illustrated in Fig. 1.5 36. The resultant 
silica (SiO2) networks have periodic (highly ordered) porous structure such as hexagonal (SBA–
15, MCM–41) or cubic (MCM–48) as illustrated in Fig. 1.6 37. The various interactions by which 
the ionic headgroup of the surfactant (S) binds with the inorganic precursor (I) are explained in 
detail by Wong and Knowles 38.  
 Nonionic surfactants and block copolymers do not form mesophases by simple 
electrostatic interactions. Instead, they form aggregates by hydrogen bonding, 
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hydrophobic/hydrophilic interactions or simply physical entanglement 39. As a result, the pores 
formed from nonionic surfactant templates are typically random or disordered (e.g., MSU–X). 
However, the rich chemistry of block polymers generates a vast variety of nano–assemblies that 
could be used to synthesize porous structures.    
 Wall thickness plays a critical role in determining thermal stability. Materials prepared 
with nonionic surfactants have been found to possess greater wall thickness and hence better 
thermal stability than those with ionic surfactants 40. 
1.3.2.2. Pyrolytic techniques 
 There exist a variety of methods of pore generation in which either a sol–gel hybrid or a 
nanocomposite material with organic content is prepared and then subjected to high temperature 
calcination. The calcination process removes the organic groups and leaves voids in the space 
occupied by them. One such route is a process where an organic functionalized alkoxide 
precursor (ormosil) is hydrolyzed via the sol–gel process to prepare a monolith. The monolith is 
then subjected to high temperature calcination to yield a mesoporous material 41, 42. For example, 
Kaiser et al. conducted the base catalyzed hydrolysis of n–octyltrimethoxysilane to produce 
silica spheres containing octyl groups. High temperature calcination of the spheres provided a 
mesoporous material 43. In the ‘polymer latex templating’ route, the sol \–gel reaction is carried 
out on the surface of condensed polymer latex spheres whose diameters are in the 2 – 50 nm size 
range. Upon heat treatment, the polymer is pyrolyzed and the silica network with spherical pores 
is retained. If the latex spheres are densely packed, a cubic packed pore structure is generated 44, 
45. Another method proceeds via the ‘agglomeration of colloidal metal oxide spheres’. When 
monodisperse colloidal silica spheres in the 50 to 200 nm size range are agglomerated the voids 
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between the spheres are in the mesopore range. If the agglomerates are sintered by heat treatment 
then a material with purely interstitial mesopores is generated 46-48. 
1.3.2.3. Nonsurfactant templated method 
 Both the above mentioned methods of preparing mesoporous materials suffer serious 
drawbacks. Use of high temperatures to remove surfactant or covalently bonded organic groups 
not only results in pore collapse and consequent reduction in surface area, 49-51 but also leaves 
coke as an impurity within the pores 52. Additionally, it eliminates the possibility of 
encapsulating and retaining biomolecules, such as enzymes within the pores. In the case of the 
surfactant templated method, solvent extraction presents the problem of surfactant solutions that 
could be an environmental hazard 53, 54. The efficiency of solvent extraction or ion–exchange is 
also rather questionable for certain surfactants. Goworek et al. observed residual template in their 
MCM–41 samples after solvent extraction 55. The toxicity of certain types of cationic surfactants 
only magnifies this complication. The high cost of surfactants and block copolymer materials is 
another concern. Huang et al. claim that 77% of the manufacturing cost of MCM–41 materials is 
attributed to the cost of the CTAB, the cationic surfactant used in the process 53.   
 In the 1990s our group experimented with the preparation of metal oxide networks 
around chiral nonsurfactant molecules, such as D-glucose and dibenzoyl-L-tartaric acid, in the 
hope of synthesizing a material with chiral cavity upon removing the chiral molecules. While the 
attainment of chiral cavities was not a complete success, the resultant materials turned out to be 
monolithic nanocomposites with excellent optical properties. Upon extraction of the water-
soluble template like glucose, a mesoporous material was generated 56. In 1998 our group 
reported the first such materials using nonsurfactant templates 57, 58. This novel, environmentally 
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friendly, biocompatible, cost effective technique of growing an inorganic metal oxide network 
around inert nonsurfactant organic molecules is termed the nonsurfactant templated sol–gel route 
to mesoporous materials. 
 In addition to overcoming the limitations of the surfactant templated and pyrolytic routes, 
the nonsurfactant templated route offers a vast library of millions of organic small molecules 
with varying properties for use as templates. It appears that the only fundamental requirement for 
a molecule to be a nonsurfactant template is the ability to undergo hydrogen bonding and/ or 
dipolar interaction. Other most notable advantages of the nonsurfactant templated route include 
that the pore size can be varied by the concentration of the template and that the nanoporous 
materials can be produced under biocompatible conditions (i.e., neutral pH and room 
temperature), which opens a brand new door for bioscience and biotechnology 56.  
 The nanostructure generated from the nonsurfactant templated sol–gel route is generally a 
disordered network of interconnected wormhole like pores and channels. This is very similar to 
the MSU–1 39 59 series of mesoporous materials generated using nonionic block copolymer 
(PEO) templates 58. However, the cost of the template itself in case of the nonsurfactant template 
method can be only a fraction of that of the block copolymer templates in or PEO in the case of 
MSU–1. The wall thickness of the nonsurfactant templated mesoporous materials is about 4 nm, 
which is thicker than the pore walls of surfactant templated mesoporous materials (0.8 to 1.5 nm) 
33. 
 This research deals extensively with the synthesis and applications of mesoporous 
materials prepared by this nonsurfactant templated route. This method has been used to prepare 
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mesoporous materials not only by the acid catalyzed sol-gel route, but also, very recently by the 
base catalyzed route as well. 
1.3.2.4. Sonochemical synthesis 
When ultrasound is applied to a liquid medium, it leads to phenomena such as cavitation, 
formation and implosion of bubbles. When bubbles collapse, local ‘hot spots’ with temperatures 
reaching 5000 K and pressures of 20 MPa are generated and lost instantaneously, at heating and 
cooling rates of 109 K/s  60.  Mesoporous titanium dioxide for photocatalysis have been 
synthesized successfully by this method 61, 62. A review of the state of the art of preparing 
mesoporous materials via sonochemical synthesis is available in the work of Gedanken 63. 
 
1.3.3. Enzyme immobilization 
 Enzymes are catalytic proteins that accelerate biochemical reactions. As opposed to 
chemical catalysts, enzymes (biocatalysts) offer the benefits of achieving rather complex 
chemical transformations under mild conditions, with high specificity and efficiency 64.  Like 
chemical catalysts, they are not permanently modified during reactions. However, as opposed to 
most organic chemical catalysts, enzymes are generally water soluble. In addition, being 
proteins, they are subjected to the same forces of denaturation that cause loss of protein activity. 
Thus, there is a need to immobilize and protect enzymes to exploit their high efficiency, 
reusability and catalytic activity. The advantages of enzyme immobilization are as follows 65: 
• Multiple repetitive use of a single batch of enzymes (cost effective); 
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• Ability to stop the reaction rapidly by enzyme removal (better control of reaction); 
• Enhancement of stability (in some cases immobilization helps maintain tertiary 
structure); 
• Product with no or limited contamination by enzyme (that reduces need to separate out 
the enzyme); 
• Enhanced analytical possibility (longer half-life, predictable decay rates, quantitative 
knowledge of enzyme concentration, etc.). 
 Typical methods of enzyme immobilization are briefly described in the following 
sections 65. 
1.3.3.1. Attachment to carrier 
 In this method the enzyme is loaded onto the surface or inside the bulk of a carrier 
material either by ionic or covalent attachment or by adsorption techniques. The selection of the 
carrier material is dependent on the enzyme itself as well as the particle size, surface area, ratio 
of hydrophilic to hydrophobic groups and the chemical composition of the carrier. The final 
application needs to be considered as well 66. A schematic of carrier attachment methods is 
presented in Fig. 1.7.a 67.  
 Based on the materials used, the types of support may be categorized as 68: a) hydrophilic 
natural polysaccharide based biopolymers, such as agarose, dextran and cellulose; b) lipophilic 
synthetic organic polymers, such as polyacrylamide, polystyrene and nylon; c) inorganic 
materials such as controlled pore glass and iron oxide. 
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 The use of ionic or covalent attachment is requires thorough knowledge of the chemistry 
of the enzyme and substrate and cannot be generalized for different enzyme types. Further, the 
chemical process used may result in denaturation of the enzyme. 
1.3.3.2. Crosslinking 
 Enzymes can be immobilized by intermolecular crosslinking of proteins or by 
crosslinking of the proteins onto functional groups on a support. Intermolecular or self–
crosslinking (Fig. 1.7.b) is rather expensive as some of the enzyme itself would need to serve as 
support material. Rather, the crosslinking technique is commonly used to link substrate–adsorbed 
proteins to avoid leaching (leakage) of proteins 69.     
 One advantage of this method is that the crosslinked enzyme does not leach out of the 
solid support. Glutaraldehyde is commonly used as a crosslinking agent 70. However, the process 
is carried out under relatively drastic conditions that can denature the enzyme, risking loss of 
enzyme activity. Further, the method is highly dependent on the chemistry of the enzyme. 
1.3.3.3. Entrapment or encapsulation 
 In this technique the enzyme is generally localized within the lattice, interstice or pores of 
a crosslinked polymeric network (Fig. 1.7.c). The polymeric network can be either an organic 
polymer or an inorganic metal oxide matrix. There is also a microcapsule type entrapment which 
involves enclosing the enzyme within a semi–permeable membrane, but this technique calls for 
stringent control of synthetic conditions and will not be discussed here. 
 Among synthetic organic polymer matrices that are used for entrapment or encapsulation, 
polyacrylamide, polyurethane and polyvinylalcohol are common. Starch is a common natural 
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matrix. Metal oxides, such as microporous (i.e., pore size < 1.5 nm) sol–gel silica, are also quite 
common. The polymer matrix is crosslinked by inonotropic gelation in case of alginate gels 71, 
thermo–reversible gelation in case of gelatin gels 72, photopolymerization in case of 
polyurethane prepolymers 73 and acrylics 74 and sol–gel process in case of metal oxide matrices 
75. 
 In the entrapped form, the enzyme is only physically localized within the lattice, pore or 
cavity inside the crosslinked network. There is no chemical bonding between the enzyme and the 
crosslinked matrix and localized enzyme is free to be in its natural state. Control of the pore size 
of the matrix therefore becomes rather critical as the enzyme containing pore should not be so 
large as to allow enzyme leaching and yet should be large enough to allow substrate diffusion.  
 Advantages of enzyme immobilization by entrapment 76: 
9 It is an extremely versatile method. Entrapment is independent of chemistry of enzyme, 
works for other biomolecules as well; 
9 Enzyme is stabilized and protected from microbial attack; 
9 Employs simple, rapid and well known chemistry for crosslinking of matrix; 
9 Economical. 
Limitations of the entrapment method: 
X Pore (lattice) size needs to be controlled very strictly. Too large a pore size will cause 
leaching whereas too small a pore size will prevent substrate diffusion to the enzyme. 
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X In synthetic polymers, the polymerization process is often accompanied by volume 
shrinkage, which makes control of pore size difficult.  
 In spite of these limitations, the simplicity and versatility of the entrapment process 
makes it popular. The use of sol–gel metal oxide network as the matrix phase overcomes some of 
the limitations of the entrapment process with polymer matrixes. In fact, Gill and Ballesteros 
project sol-gel entrapment of proteins as a universal technique 77. This is because of the mild 
synthetic conditions, accurate control of pore size (mesoporous materials) and possibility of low 
volume shrinkage that are the salient features in this process. A survey of the types of enzymes 
used and the nature of the sol–gel matrix employed is presented in the work of Anvir et al. 
(Table 1.3) 75. Glucose oxidase has been very successfully encapsulated in sol–gels 78. A self–
cannibalizing enzyme like trypsin can be kept alive in these matrices whereas the half life of acid 
phosphatase was significantly enhanced in high temperature and low pH conditions 79. Sol–gel 
mesoporous materials have been found to be excellent matrices for enzyme immobilization 56, 80. 
 This research deals with the entrapment or encapsulation of a protease enzyme in 
mesoporous sol–gel matrices prepared by the nonsurfactant templated pathway. Special attention 
has been paid to the stabilization of such encapsulates in harsh media, such as high pH buffer and 
organic solvents. 
 
1.3.4. Dental nanocomposites 
 While amalgam was historically used as the material of choice for dental restorations, 
concerns with its probable toxicity due to the presence of mercury 81, 82, as well as its poor 
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aesthetic appearance have driven the search for alternative restorative materials. Since the 
appearance of the earliest tooth colored composites in 1968 83, there has been a steady decline in 
the use of amalgam and a corresponding rise in popularity of tooth–colored composite 
restorations.  
 The term composite means a material consisting of two or more phases. However, in 
dentistry, the term composite refers to “a material which sets from paste to a hardened material 
by a polymerization mechanism, without involving any chemical reaction between filler and 
matrix” 84. A dental composite typically consists of filler particles (usually inorganic) dispersed 
in a matrix of organic resin. Such polymer–ceramic composites are common in dentistry.  
Advantages of composites: 
9 Desirable mechanical properties, tunable by altering filler type and content; 
9 Excellent aesthetic properties, even in long term; 
9 Low thermal diffusivity and thermal expansion; 
9 Good chemical resistance. 
Limitations of current composite materials: 
X Volume shrinkage upon polymerization; 
X Silane treatment on the filler surface is prone to hydrolysis in oral cavity, resulting in 
macroscopic phase separation and reducing the durability and wear properties. 
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1.3.4.1. Dental monomers and their polymerization 
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Scheme 1.4. Structures of common dental monomers and photoinitiators. 
 Commonly the organic phase consists of acrylics, the most common of which is 2,2–bis–
4–(2–hydroxyl–3–methacryloyloxypropoxy)phenylpropane (bisGMA), a difunctional acrylic 
monomer . Due to its high viscosity it has to be diluted with another common difunctional 
acrylic monomer, triethylene glycoldimethacrylate (TEGDMA), which serves as a reactive 
diluent. While monofunctional monomers polymerize to form polymer chains, difunctional 
monomers form crosslinked networks upon polymerization. The theories of gelation apply and 
factors such as degree of polymerization, conversion, reaction rate, viscosity, volumetric 
shrinkage upon polymerization and phase transfer kinetics play a crucial role in determining the 
final properties of cured resins. Urethane dimethacrylate (UDMA) is another common monomer. 
Polymerization of the monomer in the oral cavity is initiated either by chemical or 
photoinitiation. The chemical method requires mixing two pastes (resin and initiator). However, 
the possibility of voids due to entrapment of air leads to poor mechanical strength, making this 
method nearly obsolete for restorative composites 84. 
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 Photoinitiation, on the other hand requires only a one paste system containing resin and a 
photoinitiator, which disintegrates into free radicals upon exposure to blue light (λ = 470 nm). 
Camphorquinone (CQ) is the most common photoinitiator and is typically used in conjunction 
with amines, such as N–phenylglycine (NPG) or dimethylaminoethyl methacrylate (DMAEMA). 
Camphorquinone absorbs visible light in the 300 to 400 nm region due to the n, π* transition of 
the α–dicarbonyl chromophore. This results in the formation of a radical species, which then 
attacks the amine to produce an aminoalkyl radical, which in turn attacks the monomer and 
initiates polymerization. A detailed study of the mechanism was conducted by Jakubiak et al. in 
their excellent work 85 while Scheme 1.5 describes a general photoinitiation mechanism for the 
camphorquinone–amine initiator system. 
 
Scheme 1.5. Mechanism of generating camphorquinone and amine radicals in photoinitiation 86. 
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 The polymerization after photoinitiation proceeds via the initiation, propagation and 
termination steps, which are general to the free-radical polymerization of vinyl monomers 87.  
1.3.4.2. Dental fillers 
 Recent advances in the filler technology have greatly impacted the development of 
composite materials. The properties of the dental composite restoration are affected by filler 
properties, such as mean particle size, surface area, shape and morphology, loading (weight and 
volume percent), size distribution, chemical treatment (if any) as well as chemistry of the filler. 
Particulate ceramic fillers, such as silica and zirconia, not only significantly enhance mechanical 
properties like Young’s modulus, compressive strength and abrasion resistance but can also help 
reduce volumetric shrinkage, water uptake and thermal expansion coefficient 84. Typically, high 
filler loadings of the order of 60 to 80 % are used. Filler content is dependent on particle size as 
well as viscosity or handling requirements of the composite. Traditionally, various combinations 
of quartz, glass, borosilicate or ceramic chips in the 0.1 to 100 µm size range were used 88. More 
recently, radiopaque ceramics, such as barium, strontium, zinc, zirconia or silicate oxide 
particles, under 5 µm have replaced them 89. Morphology may vary from spinoidal to spherical to 
agglomerated to fibrous 89-91. Fluoride–releasing fillers have also been employed. Since 
traditional composites with single micron sized particles showed poor wear and stain resistance 
properties, physical hybrid composites with an array of particle sizes have replaced them 84. 
 Restorative dental composites can be classified based on filler size and content into 
macrofilled, microfilled, physical hybrid and continuum filled composites and into flowable and 
packable (condensable) according to handling (viscosity). A general classification of resin 
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composites involving filler size, content as well as handling properties is presented in Table 1.4 
92.  
 According to Ferracane, sol-gel processed filler particles capable of high radiopacity, 
varied chemistry and good abrasion resistance are the future of filler technology 89. Nanofillers 
produced either by pyrogenic methods or by Stober’s base catalyzed sol–gel route are also 
becoming an increasingly popular subject of research 90, 93, 94. Nanofillers, sol–gel mesoporous 
fillers and fillers prepared by Stober process have been used to prepare experimental dental 
composites in this research.  Since all the fillers used in our experimental composites are 
nanoscale materials, the resultant composites are appropriately termed dental nanocomposites. 
1.3.4.3. The polymer–filler interface 
 The durability of the polymer/filler interface is extremely important in determining the 
long term success of a composite in clinical applications. Due to the thermodynamic 
incompatibility between the inorganic filler and the organic resin 95, the breakdown of the 
polymer/filler interface is one of the major mechanisms of degradation of dental composites. To 
counter this problem the filler surface is chemically treated (silanized) with organic groups in 
commercial composites. This allows the filler to be held in the organic matrix by covalent 
chemical bonding. In the absence of silane treatment, the fillers tend to shift from their position 
in the matrix and form undesirable aggregates 96. 3–methacryloxypropyl–trimethoxysilane 
(MPS) is commonly used as a silane coupling agent. 
 While silane coupling agents do improve mechanical properties, wear resistance, impact 
strength and successfully reduce particle aggregation in the short term, they are prone to 
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hydrolysis in the oral environment 97, 98. These problems are revealed in a review by Bayne 99 
and will be discussed in greater detail in Chapter 5. Alternatives to silane bonding include 
organic–inorganic hybrid materials 100 and micromechanical bonding via use of mesoporous 
fillers 101.  Both these alternatives to silane treatment have been explored in this research. The 
requirements of a dental composite are presented in Table 1.5 102. 
 
1.3.5. Aromatic polysiloxanes for high temperature applications 
1.3.5.1. High temperature polymers 
 Hergenrother defines high performance/ high temperature polymers as follows “A high 
performance/ high temperature polymer retains usable properties at temperatures > 177 °C after 
short–term and long–term exposure to one or more of the following conditions: flowing or static 
air, mechanical action, chemical action, electrical action, radiation, fluids” 103. The estimated 
worldwide market for such polymers in 2000 was $ 4.36 billion, the demand being driven by the 
electronic and aerospace industries (applications: jet engine components, circuit boards, 
photoresists, adhesives, insulations, gaskets, sealants, etc) 103-105. They offer the key advantage of 
lightness, which translates into huge economic savings in many applications. 
 Polymers such as polyimides (Kapton™, DuPont), polyethersulfone (Udel™, Amoco) 
and polyetheretherketone (PEEK) are commercially available polymers with excellent high 
temperature stability 106. All of these contain heterocyclic or aromatic rings in the backbone, 
offering a resonance stabilization of 40 to 70 kcal mol-1 103.  Presence of aromatic rings in the 
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backbone results in inherent thermal stability and higher Tg 103-106. However, processibility and 
solubility are greatly reduced as in the case with poly(p–phenylene) 104. 
          
     polyethersulfone                 polyetheretherketone (PEEK)                  polyimide 
 Besides backbone aromatic units, several other factors contribute towards improved 
thermo–oxidative stability. Presence of bonds with higher dissociation energy, such as C–F, Si–
O or C=C, either in the backbone or as pendant groups tends to improve thermal stability 
significantly. Higher molecular weight polymers with narrow molecular weight distribution 
show better thermal stability. Crosslinking increases thermal stability since the necessity to break 
multiple bonds to cleave the polymer chain can retard the degradation kinetics 103. Since 
endgroups form a point of thermal instability 107, endcapping can enhance thermal properties 108. 
While the use of reactive endcaps such as phenylacetylene results in crosslinking 103, non–
reactive endcaps yield thermally stable linear polymers 109. 
1.3.5.2. Polysiloxanes as high temperature elastomers 
    The advancement of the electronic and aerospace industries has created a demand for 
elastomers that exhibit a long term thermal, thermo–oxidative and hydrolytic stability at 
temperatures close to or even above 350 °C 110. Conventional elastomers typically fail at about 
200 °C. It is noted that silicone rubber retains strength at 250 °C 111. 
 The dissociation energy of the Si–O bond is 443.7 kJ mol-1 whereas that of the C–O bond 
is 357.9 kJ mol-1 112. The greater bond energy imparts inherent thermal stability to polysiloxanes 
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possessing such a bond in the backbone, making them useful as heat transfer agents and high 
temperature elastomers. Also, the Si atom with organic pendant groups around it and the 
unsubstituted O atom differ greatly in size, resulting in an amorphous material 113. Some unique 
characteristics of polysiloxanes which make them excellent high temperature elastomers are 105: 
• High thermal stability and retention of physical properties over a wide temperature range; 
• Highly oxidation resistant and inert to chemical attack; 
• Water repellency since the organic groups are exposed; 
• Excellent dielectric properties; 
• Excellent processibility due to high flexibility at lower temperatures (ease of rotation 
around Si–O bonds) 114. 
 However, long term high temperature durability is an issue, since at temperatures above 
200 °C organosiloxane polymers may degrade to yield volatile cyclic byproducts which are 
highly undesirable 105, 115. Replacing pendant methyl groups with phenyl groups solves this 
problem 111. Incorporation of thermally stable aromatic rings in the backbone further improves 
thermal durability, which explains poly[(biphenylenedioxy)(diphenylsilylene)] being stable up to 
600 °C 105, 116.  Aromatic units in the backbone increase high temperature rigidity of the polymer, 
which is manifested in Tgs greater than 100 °C 117. Another advantage is increased refractive 
index, opening up a variety of optical applications 118.  
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OOSi
 
          poly[(biphenylenedioxy)(diphenylsilylene)] 
 However, in spite of the increased rigidity, all high temperature linear polymers tend to 
flow when heated well beyond the glass transition temperature (Tg) range (e.g.,> 300 °C), which 
results in a gum–like material that is still thermo–oxidatively stable but lacks mechanical 
strength needed for most applications. This problem even affects PEEK, the most popular high 
temperature polymer. The linear polymer chains therefore need to be locked into a network by 
crosslinking. This can be achieved by placing thermally crosslinkable units, such as vinyl or 
acetylene groups either in the backbone or as endcaps. Such crosslinked polymers make 
excellent high temperature elastomers 103, 110, 111, 115, 119. 
 This research focuses on the synthesis and thermal characterization of some novel and 
some previously reported poly[(arylenedioxy)(diorganylsilylene)]s (Scheme 1.6). Attempts to 
endcap the polymer with further crosslinkable acetylenic units are also mentioned. Special 
attention has been given to thermal crosslinking via vinyl groups in the backbone (Chapter 6) 
and acetylene endcaps (Appendix B). 
                                  
Si
R
R'
O Ar. O
n
 
Scheme 1.6. poly[(arylenedioxy)(diorganylsilylene)] (R, R’ = alkyl or aryl; Ar. = aromatic unit). 
 
35 
 
1.3.6. Bio–based polymers and biocompatible polymers 
 The American Society for Testing and Materials (ASTM) defines bio–based materials as 
“An organic material in which carbon is derived from a renewable resource via biological 
processes. Bio–based materials include all plant and animal mass derived from CO2 recently 
fixed via photosynthesis, per definition of a renewable resource.” 120 This does not automatically 
imply either biocompatibility ,“the quality of not having toxic or injurious effects on biological 
systems”, 121 or biodegradability ,“capability of being broken down into innocuous products by 
the action of living things (as microorganisms)” 122.  
1.3.6.1. Bio–based synthetic polymers 
  Bio–based polymers are: i) natural polymers that are obtained directly from plant, 
animal or microbial sources, e.g., cellulose, hyaluronic acid, chitosan, poly(3–hydroxybutyrate) 
[poly (3HB)] 123, etc.; ii) semi–synthetic polymers that are obtained by modifying existing natural 
polymers e.g. vulcanized rubber, cellulose acetate, etc., and iii) bio–based synthetic polymers 
obtained by either homopolymerizing natural monomers derived directly from renewable 
resources or by copolymerizing natural monomers with synthetic monomers.  
 Bio–based synthetic polymers offer the greatest flexibility to control backbone and 
pendant chemistry as well as molecular weight and processibility to specified requirements. 
Lligadas et al. reported the synthesis of novel silicon–containing polyurethanes from vegetable 
oils in 2006 124. Polylactic acid (PLA) is a well known polymer, which is synthesized by either 
ring opening or direct polycondensation of L– or D– lactic acid. Lactic acid is produced from the 
fermentation of sugar–based carbohydrates 125. Also, the acid catalyzed depolymerization of 
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xylans yields furfurals that can be polymerized into various different polymers, including a furan 
analogue of polyester 126. Pascual et al. reported the synthesis of polyamides from L–malic acid 
and L–lysine which are both natural monomers 127. Among other plant–based monomers 
terpenes and tannins have the potential to be polymerized 126.  
 The importance of bio–based synthetic polymers is paramount owing to ever–diminishing 
fossil fuel supplies. While not necessarily the case, a majority of bio–based polymers are 
biodegradable which presents an added advantage. A key objective of this research is the 
synthesis and thermal characterization of novel aromatic polysiloxanes from curcumin, a 
common diphenolic compound found in the root of the South East Asian plant Curcuma longa.  
1.3.6.2. Biocompatible polymers 
 Synthetic polymeric biomaterials could be implanted into the human body for a variety of 
applications. For example UHMWPE is used in hip replacement; acrylics are used as bone 
cement materials and in ocular applications; polyurethanes are used in artificial heart valves; 
PEEK is used in bone replacement implants; poly(tetrafluoroethylene) (PTFE) is used in 
ossicular prosthesis; and poly(lactic acid) and poly(glycolic) acid are used as degradable scaffold 
materials; etc. The popularity of such polymers is due to their easy processibility, desirable 
mechanical properties, chemical inertness and biocompatibility. Park defines biocompatibility as 
“the acceptance (or rejection) of an artificial material by the surrounding tissues and by the body 
as a whole.” 128. The effects of polymer chemical structure and properties on biocompatibility are 
explained in detail in the work of Wang et al.129. Addition of foreign materials into the body 
tends to trigger adverse immuno responses, such as thrombosis 130 and inflammation 131. It is 
therefore vitally important that biomaterials are designed to prevent such a response. 
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 Polydimethylsiloxane, a silicone, is an extensively employed biomaterial owing to its low 
surface tension, hydrophobicity, flexibility (as a result of the Si–O bond) 132 and oxygen 
permeability 133. Their high chemical and thermal stability also impart the necessary 
biodurability to silicones. They can be crosslinked conveniently to yield elastomeric 
biomaterials.  They have found applications in small foot and hand joints, catheters, drains, 
shunts, heart valves, etc (Fig. 1.8). They are also used in various tubings in extracorporeal 
equipment owing to their blood compatibility 134, 135. However, their most famous (or infamous) 
application is in cosmetic surgery, as mammary implants.  
 
           Structure and bond angles of Polydimethylsiloxane (PDMS) 
 The only limitations of polydimethylsiloxane are its poor mechanical properties as it is a 
highly flexible polymer 132. Therefore, there is a necessity for polysiloxanes with improved 
mechanical properties (e.g., higher Tg). As discussed in Section 1.3.5, addition of aromatic rings 
in the backbone can increase rigidity of a polymer significantly. The novel curcumin based 
polyarylsiloxanes as investigated in this research have the potential to meet this requirement 
(Chapter 6).     
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1.3.7. Enzymatic degradation of biomass 
 Both Henry Ford and Rudolph Diesel, pioneers of the modern automobile industry were 
convinced that fuels from renewable resources were crucial for their inventions to become 
successful in the long term. While Diesel used peanut oil in his compression engine in 1898, 
Ford designed his 1908 Model T to run on ethanol. But, in the 1940s these renewable fuels were 
replaced by then cheaper fossil fuels. However, the impending energy crisis has made scientists 
and governments turn to ethanol once again in the last decade.  
 Ethanol produced from corn (glucose fermentation) and sugarcane (sucrose fermentation) 
has already become a viable energy resource. Since 2007 all vehicles in Brazil run on a mixture 
of 25 % ethanol and 75 % gasoline. In the USA, corn based ethanol was 3 % of the nation’s 
vehicle fuels in the same year. However, this consumed 18 % of the US corn production, which 
is primarily meant for human and animal consumption 136. Ethanol from corn, though viable, is 
obtained at the cost of food and feed resources, which makes it less attractive. 
 Biomass is defined as “any organic matter that is available on a renewable or recurring 
basis, including  agricultural crops and trees, wood and wood wastes and residues, plants 
(including aquatic plants), grasses, residues, fibers, and animal, municipal, and other waste 
materials.” 136. Thus, it represents a great variety of material which is not used in food 
production. Agricultural waste, switch grass, paper pulp, carpentry waste, dead trees, etc., can all 
be used as lignocellulosic biomass. Annual photosynthetic CO2 fixation yields 1011 tons of dry 
plant material, half of which is cellulose 137. This represents a vast and untapped energy source. 
 Lignocellulosic biomass is plant biomass comprising cellulose, hemicellulose, and lignin. 
The carbohydrate polymers (cellulose and hemicelluloses) are tightly bound to the lignin, by 
hydrogen and covalent bonds 138. Cellulose is a linear polysaccharide homopolymer consisting of 
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D–glucose units joined by β–1,4–glycosidic linkages (Scheme 1.7). Two adjacent glucose units 
in the cellulose backbone are rotated at 180 °C with respect to each other. Thus, the repeat unit of 
cellulose is considered to be the disaccharide cellobiose. The degree of polymerization can vary 
from as low as 500 (primary walls of plants) to as high as 14,000 (secondary walls of cotton 
fibers). Due to strong inter and intramolecular hydrogen bonding and Van der Waal’s forces, 
cellulose polymer chains are oriented in parallel, forming microfibrils that generate larger fibers. 
This results in a high (60 to 90 %) crystallinity, which, in addition to tight association with 
lignin, xylans and other hemicelluloses is largely responsible for the insolubility and resultant 
recalcitrance of cellulose 139.  
 
 
Scheme 1.7. Structure of cellulose 138. 
 Thermo–chemical techniques such as pyrolysis, liquefication, combustion and 
gasification can help break down plant matter directly into ‘biocrude’ under higher temperature 
(>500 °C) and pressure conditions. While these techniques avoid depolymerization of the 
cellulose to sugars, there are extensive energy and capital costs associated with these methods 
140.  Also, in order to pay for the cost of continuously running high temperature processes, they 
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would need to be supplied with very large volumes of biomass, requiring additional 
transportation costs 141.    
 Enzymes like cellulase, hemicellulase and β–glucosidase (cellobiase) catalyze the 
hydrolysis of lignocellulosic biomass into sugars (saccharification). Like all enzymatic 
processes, saccharification is conducted in ambient temperature and pressure conditions. This 
method uses a combination of milder thermo–chemical pretreatment followed by enzymatic 
hydrolysis to generate sugars. The sugars are then fermented to ethanol by well known and 
highly efficient fermentation processes. Startup and maintenance costs are significantly lower 
and the processes can be run on much smaller scales, allowing the possibility of local energy 
production.  The saccharification step represents the major technical hurdle. Obtaining maximum 
possible sugar efficiency per unit of enzyme added is the goal. To reduce the cost of enzymes or 
to make the enzymes reusable are among the key targets of the research in our group, with the 
ultimate goal of producing human consumable sugars (e.g., glucose) and fuels (e.g. ethanol) at 
low cost that is comparable or lower than other agricultural and petroleum products. Fig. 1.9 
shows different methods of biomass treatment 141. 
 
1.4. Analytical and characterization techniques 
 Sections 1.4.1 to 1.4.7 are designed to provide a fundamental understanding of the 
materials characterization techniques used in this work, i.e. Gas Sorption, DLS, SEM, TEM, 
GPC, TGA, DSC and mechanical testing (compression and flexural tests). Again, advanced 
readers may skip this section. 
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1.4.1. Gas sorption characterization of nanoporosity 
 Depending on microstructure, pressure and temperature, gas molecules tend to adsorb 
onto the surfaces of porous bodies. In 1881 Kayser 142 used the term adsorption to refer to the 
condensation of gases on free solid surface. An adsorption isotherm is a plot of the volume of 
gas adsorbed on the solid surface vs. gas pressure. By quantifying the amount of gas adsorbed 
from an adsorption isotherm it is possible to calculate microstructural parameters such as surface 
area, pore volume, pore diameter, pore shape and porosity 143.  
 The amount of gas adsorbed per unit mass of solid is dependent on temperature (T), 
pressure (P), nature of gas and nature of sample. To obtain a gas adsorption isotherm, measured 
amounts of analysis (adsorbate) gas are introduced stepwise into an evacuated chamber 
containing the cleaned porous sample. The sample chamber is placed under isothermal cryogenic 
quasi–equilibrium conditions at the boiling point of nitrogen (liquid N2 at –196 °C) and high 
purity nitrogen is the recommended adsorbate gas. The gas sorption process begins with the 
formation of a monolayer of gas on the surface (Fig.1.10) 144. Surface area is calculated based on 
the monolayer adsorption by applying the Brunauer–Emmett–Teller (BET) equation 145, 146:  
 
where, na = the amount of gas adsorbed at a relative pressure p/p0, and nm
a   = the monolayer 
capacity and c = constant related to enthalpy of monolayer adsorption. 
 Monolayer adsorption leads to multilayer adsorption followed by capillary condensation 
after which the pores are completely filled (Fig. 1.10). At this stage the pore volume (Vp) is 
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determined 145. In mesoporous materials the pore size is determined by the Barrett–Joyner–
Halenda (BJH) procedure 147, 148. Upon achieving complete saturation, the stepwise removal of 
adsorbate gas (desorption) is initiated, generating the desorption isotherm.  
 IUPAC classified physisorption isotherms into the following types (Fig. 1.11.a) 145: 
Type I reversible isotherm common for microporous solids, with limiting uptake determined by 
accessible micropore volume rather than internal surface area. 
Type II reversible isotherm common for nonporous and macroporous solids with unlimited 
monolayer–multilayer adsorption (B marks complete monolayer adsorption). 
Type III isotherm convex to y axis, a rare isotherm with heat of vaporization exceeding heat of 
adsorption for the adsorbate. 
Type IV isotherm with hysteresis loop due to capillary condensation in mesopores. Unrestricted 
monolayer–multilayer adsorption occurs until point B. Thus, all mesoporous materials show the 
characteristic Type IV isotherm and the corresponding hysteresis loop. 
Type V, an uncommon isotherm seen in certain porous adsorbents arising out of weak adsorbent–
adsorbate interaction (related to type III). 
Type VI isotherm from stepwise multilayer adsorption on a uniform, nonporous surface.  
 The hysteresis loops associated with the type IV isotherm from mesoporous adsorbents 
can be further classified to provide information about the shape of the pore (Fig. 1.11.b): 
Type H1 (formerly type A): The adsorption and desorption branches are nearly parallel over a 
range of gas uptake. H1 loops arise from agglomerated porous materials or compacts of uniform 
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spheres. Packing uniform sub–micron sized nonporous spheres in regular array can generate 
interstices in the mesopore (2 to 50 nm) size range, giving rise to H1 hysteresis. 
Type H2 :  H2 loops were originally associated with ink bottle shaped pores due to 
oversimplification. While difficult to interpret, it is observed for nonsurfactant templated 
mesoporous materials with interconnected networks of cylindrical, randomly oriented pores 57, 58.  
Type H3 : H3 loops come from aggregates of plate–like particles, generating slit shaped pores .                           
Type H4 : H4 corresponds to narrow, slit like pores with some degree of microporosity. 
 
1.4.2. Dynamic light scattering (DLS) 
 Also termed as Photon correlation spectroscopy, this method measures Brownian motion 
and relates it to particle size 149, 150. It is a popular technique for particle size determination in the 
sub–micron to nano range. When a monochromatic beam of light hits a moving particle it 
changes the wavelength of the light (Doppler Shift). This change is related to particle size. In the 
DLS instrument, the scattered light from colloidal particles in a cuvette is detected by a photon 
detector and converted into an autocorrelation function of the scattered intensity G(τ): 
G(τ) = <I(t).I(t+τ)>  where τ = time difference of the correlator (time lag) 
For polydisperse particles, size distribution function corresponds to the distribution of Γ, G(Γ): 
g(τ) = ∫
∞
0   G(Γ)exp(-Γτ)dΓ 
where,  Γ = the half–width at the half–height in amplitude spectrum such that  
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Γ = DT q2   and  q = 4π μ0 sin (θ/2) / λ0 where 
q = magnitude of the scattering vector; λ0 = wavelength of incident beam, μ0 = refractive index 
of the medium; θ = scattering angle and DT = transverse diffusivity or translational diffusion 
coefficient related to the hydrodynamic particle diameter d by the Stokes–Einstein equation: 
DT = kT / 3 π η d 
where η = the solvent viscosity at temperature T (Kelvin) and k = Boltzmann constant 
 A typical DLS setup is presented in Fig. 1.12 151. The mean diameter and standard 
deviation can be easily obtained from a histogram of intensity vs. diameter. It is a rapid particle 
sizing technique for colloidal particles and can handle relatively larger sample sizes. However, it 
must be noted that the hydrodynamic diameter d is calculated assuming particles to be spherical, 
which need not be the case. DLS is also highly sensitive to dust 149.  
 
1.4.3. Electron microscopy (SEM, TEM) 
 Since seeing is truly believing, two types of electron microscopy are commonly used for 
characterization of nanoparticles and mesoporous materials. In Scanning Electron Microscopy 
(SEM), a high voltage electron beam interacts with the surface of the specimen in an evacuated 
chamber and the secondary electrons, backscattered electrons and X–rays generated are collected 
by a detector and converted to signal. Scanning is done in a ‘raster scan’ pattern and the image 
(micrograph) can be seen on a screen. Due to the use of high voltage electrons, surfaces of non–
conducting materials need to be made conducting to avoid the negative effects of charging. This 
45 
 
is achieved by sputter coating it with metal nanoparticles. SEM provides highly detailed 
information about surface texture and morphology of materials 152, 153.  
 In Transmission Electron Microscopy (TEM) a focused beam of electrons is allowed to 
pass through a thin specimen, interacting with the specimen as it passes. The image is formed 
due to this interaction between the beam and electrons. Like the SEM, TEM also uses a high 
voltage beam and high vacuum. TEM can be used to directly observe pores in mesoporous 
materials 154 due to its nanometer scale resolution 155, 156. Lately, TEM images are always 
provided in work related to mesoporous materials.  
 
1.4.4. Thermogravimmetric analysis (TGA) 
 TGA can be used to study the weight loss of a sample with increasing temperature. This 
is done by heating the sample placed in a weighing balance at a controlled rate in a controlled 
atmosphere, which is accomplished in the TGA instrument. Weight loss analysis yields useful 
information about the sample such as presence of moisture and volatiles, organic content, 
inorganic content, etc. Remaining weight (weight %) at a particular temperature can help 
determine the extent of thermal or thermo–oxidative degradation, and is the most commonly 
published parameter in the study of high temperature polymers 111. It can also be used to 
determine the amount of template (or other organics) present in mesoporous materials 157. Since 
thermal weight loss is influenced by heating rates and atmosphere, the heating rate and 
atmosphere (air or inert gas) are always reported. 
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1.4.5. Differential scanning calorimetry (DSC) 
 The DSC technique measures heat flow rate into (endotherm) and out of (exotherm) a 
sample. A sample is placed in an aluminum (or platinum) pan and its heat flow pattern is 
compared with an identical inert reference pan (Fig. 1.13.a) 158. Both the sample and reference 
are heated in such a way that the sample and reference are maintained at the same temperature. 
This ensures that only heat flow rate in an out of the sample is measured. Heat flows in or out of 
polymer samples as a result of changes in either heat capacity (heating or cooling) or some 
endothermic or exothermic process (Tg, melting, evaporation or crystallization, cure or 
oxidation). A typical DSC heat flow pattern for polymer samples is presented in Fig. 1.13.b. In 
the power compensation DSC mode the sample and reference cells are heated using separate 
heaters and both their temperatures (which are measured with separate sensors) can be linearly 
varied with time. A second differential control loop adjusts power input to the heaters as soon as 
temperature difference arises so that both pans are maintained at same temperature. This 
differential power input signal is measured as a function of the sample temperature 159. 
 Like TGA, DSC results are reported along with heating (or cooling) rate and atmosphere. 
 
1.4.6. Gel permeation chromatography (GPC) 
 Also called Size Exclusion Chromatography (SEC), GPC is a technique where dilute 
polymer solutions are injected into a column packed with beads (crosslinked styrene / divinyl 
benzene or silica gels) of controlled pore size. Due to their larger hydrodynamic volume, higher 
molecular weight polymer molecules are excluded from entering the pores of the packing and are 
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eluted earlier in time. The smaller molecules with lower hydrodynamic volume can sample the 
pores of the packing material and are eluted later in time. The instrument consists of standard 
chromatography equipment with a special SEC column. The detector is usually a refractive index 
or UV detector 160.  
  Chromatograms are usually plots of intensity vs. time  (Fig. 1.14 161). Monodisperse 
polystyrene standards (PS standards) of different known molecular weights (by other methods 
such as light scattering) are run on the column and time taken to elute them is noted. This elution 
time is then used as reference for molecular weight determination of experimental samples. 
  
1.4.7. Mechanical testing 
 Compression testing of composite materials reveals properties such as compressive 
strength, elastic modulus and yield strength. Stress (σ) increases linearly with strain (ε) until the 
yield point (Fig. 1.15.a). This is the region of recoverable elastic deformation. Beyond the yield 
point the strain increases without corresponding increase in stress, which starts the onset of 
viscous flow or strain softening. The slope of straight line portion of the stress–strain curve gives 
Young’s modulus of elasticity (E) in accordance with Hooke’s Law (E = σ / ε). 
 A steep slope with high modulus corresponds to rigid materials, such as highly 
crosslinked polymers, and a gentle slope with lower modulus corresponds to a flexible material, 
such as an amorphous polymer near its Tg. Dental composites are highly filled crosslinked 
polymers and are therefore rigid and brittle (Fig. 1.15.b). They tend to fracture after the yield 
point and the viscous flow region (after yield point) is considerably shortened. In a typical 
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uniaxial compressive test for dental composites the specimen is cut into a cylinder with a length: 
diameter ratio of 2:1 according to D 695 ASTM standards. The specimen is loaded onto a 
compressive jig on a universal tensometer, and the compressive force at a standard crosshead 
speed (typically 1 mm/min) is measured. Compressive strength (σ) is calculated as: 
  σ = F / A 
where F = maximum failure load and A = crossectional area of specimen 
 The stiffness of composites can be determined using flexural testing. The three–point 
bending jig is attached to a universal tensometer. The test measures the stress generated at the 
surface of a test piece placed as a simply supported beam with central loading (Fig. 1.16) 162. The 
crosshead speed and specimen dimensions are set according to standard testing parameters. 
Flexural strength (σf) is calculated as: 
σf = 3 FL/ 2bh2 
Flexural modulus is calculated as: 
E =   L3       x   F 
        4 bh3        d 
 
where L = distance between the supports, b = width of test piece, F = force applied and h = 
thickness of the test piece, F/d = slope in the linear region of the load–displacement curve 101.  
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Table 1.1. A classification of nanoporous materials based on chemical composition and other 
properties 32. 
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Table 1.2. Comparison of the attributes of different types of immobilization techniques. 
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Table 1.3. Various combinations of enzymes and metal oxide matrices employed for enzyme 
immobilization via entrapment 75. 
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Table 1.4. A general classification of resin composite materials used in restorative dentistry 92. 
 
Type Typical filler content Particle size (μm) General comments 
Macrofilled 78 weight % 55 volume % 1-35 
Difficult to polish; surface becomes 
rougher in service due to abrasion of 
resin matrix; surface may attract plaque 
Microfilled 35-63 weight % 0.04 
Easy to obtain and maintain smooth 
surface. Poorer mechanical properties. 
Some products have poor wear 
resistance 
Hybrid filled > 80 weight % 0.5-2 and 0.04 
Improved polishability compared to 
microfilled; better wear resistance than 
microfilled 
Continuum filled 86.8 weight % 0.01-3; mean 0.9 Contains a synthetic zirconia/silica filler 
Flowable < 60 weight % - Used by addition of small increments to achieve restorative contour 
Packable 
(‘condensable’) ≥ 86 weight % - 
Intended to be packed in a manner 
similar to dental amalgam 
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Table 1.5. Requirements of a dental composite 90 
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Fig. 1.1. Different routes of sol-gel processing 22. 
 
 
55 
 
 
 
Fig. 1.2. Effect of pH on the rate of the hydrolysis reaction 25. 
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Fig. 1.3. Effect of acid and base catalysis on morphology of the resultant SiO2 gel 27. 
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Fig. 1.4. Various product morphologies from the metal-alkoxide sol-gel route 28. 
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Fig. 1.5. Liquid crystal templating (LCT) approach to ordered mesoporous silica 36. 
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Fig. 1.6. Types of ordered structures with surfactant LCT method 37. 
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Fig. 1.7. Different methods of enzyme immobilization 65-67. 
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Fig. 1.8. Some implants from silicone biomaterials. a) catheters and tubings b) heart valves 134. 
 
 
 
 
a 
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Fig. 1.9. Biofuel production from biomass (ETBE = ethyl tertiarybutyl ether) 141. 
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Fig. 1.10. Schematic of the process of gas adsorption on porous materials 144. 
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Fig. 1.11. IUPAC classification of a) Isotherm types b) Hysteresis loops for type IV isotherm 145. 
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Fig. 1.12. Principle of working of a DLS instrument 151.  
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Fig. 1.13. a) Schematic of a DSC instrument b) A typical DSC curve for a polymer. 
 
 
 
 
a 
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Fig. 1.14. Schematic of GPC process 161. 
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Fig. 1.15. a) A typical compressive stress–strain curve b) stress–strain curves for various 
materials 153. 
a 
b 
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Fig. 1.16. Three point bending (flexural) test setup 162. 
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Chapter 2: Synthesis and characterization of mesoporous zirconia and hybrid mesoporous 
organosilica using low boiling or sublimable organic compounds as templates 
 
2.1. Introduction 
2.1.1. Removal of template: a challenge to the development of mesoporous materials 
 Calcination at temperatures above 500 °C is a common method for removal of template 
from mesoporous materials 1, 2. However, exposure to such high temperatures causes pore 
collapse, which affects the pore size, surface area and pore volume of the mesoporous materials 
quite drastically 2-7. Additionally, coke that formed upon calcination may remain as an impurity 
within the pores 8. Adams et al. demonstrated that removal of template by calcination at 400 °C 
for block copolymer (P123) templated mesoporous TiO2 thin films resulted in smaller pores than 
removal by ethanol extraction 9. Solvent extraction is less aggressive than high temperature 
calcination and is also a popular method for template removal 10. However, it is not effective if 
there are strong electrostatic interactions between the organic and inorganic phases 11. While it 
allows for recovery of the template, solvent extraction requires very large volumes of solvent and 
long time (in some cases days) 12. Further, additional time is required to dry out the solvent from 
the pores of the material after the template extraction. Goworek et al. observed the presence of 
residual template in the pores of MCM–41 even after solvent extraction, which implies that the 
efficiency of solvent extraction can be a challenging problem 13. In case of enzyme 
immobilization applications, there is also a concern regarding leaching (washing out or leakage) 
of enzyme molecules during the extraction process.    
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  The nonsurfactant templated sol–gel pathway to mesoporous materials as developed by 
the Wei group at Drexel University in the middle 1990s represents a remarkable extension in the 
choice of templates, because there are millions of known organic nonsurfactant compounds that 
could potentially be employed as templates 14-23. The unique properties, such as high solubility in 
common solvents, enable these simple compounds to be readily extracted from metal oxide 
matrices. Among these molecules, sugar templates have been most widely investigated 14-19. 
Others, such as carboxylic acids 20, urea 21, gelatin 22, acrylic monomers 23, etc., have also been 
reported. Template removal was achieved either by solvent extraction or high temperature 
calcination. 
2.1.2. Template removal by sublimation: an approach based on template properties  
 There are reports of cationic surfactant removal by applying vacuum at relatively low 
temperatures (below 300 °C) 13, 24. However, the only study that employed sublimable or low 
boiling compounds as templates followed by subsequent removal by sublimation for the 
synthesis of mesoporous metal oxides was conducted by Houping Yin from our research group. 
In this work, phenol, camphor, camphorsulfonic acid and chlorobenzene were studied as 
templates and mesoporous materials with pore volumes increasing as a function of template 
content were afforded 25. However, all template removal was carried out at 200 or 500 °C, which 
are still rather high for organically modified silica (Section 2.1.4). 
 The research described in this chapter represents a significant extension of Dr. Yin’s 
work and employs sublimable and low boiling compounds as templates for the formation of two 
different mesoporous metal oxide networks: zirconia and organic modified silica (ormosil). 
Various sublimable and low boiling compounds (boiling point < 350 °C), such as camphor, 
84 
 
benzophenone, menthol and acetanilide, were used as templates for the preparation of 
mesoporous zirconia. The structure and properties of the low boiling or sublimable templates 
used in this study are provided in Table 2.1. For the ormosil materials, only menthol was used as 
a template and was removed by evaporation under vacuum, without allowing temperature to 
exceed 50 °C.  
2.1.3. Mesoporous zirconia 
 Zirconium dioxide of formula ZrO2, commonly called zirconia, can be synthesized by the 
sol–gel hydrolytic polycondensation of commercially available zirconium alkoxides (Scheme 
2.1) 26-28. The alkoxides can also be generated and hydrolyzed via the non–hydrolytic sol–gel 
reaction of zirconium tetrachloride (ZrCl4) (Scheme 2.2) 28, 29. Metal salt precursors such as 
zirconium nitrate (Zr(NO3)4) have also been employed 28. 
Zr(OR)4 + H2O RO Zr OR
O
+ ROH2
ZrO(OR)22 ZrO2 Zr(OR)4+  
Scheme 2.1. ZrO2 sol–gel by hydrolytic polycondensation of zirconium alkoxides 26, 28. 
ZrCl4 ROH4+ Zr(OR)4 HCl4+  
Scheme 2.2. Generation of zirconium alkoxide via non-hydrolytic sol–gel pathway 28. 
 Zirconia is known to be superior to other ceramics in toughness 30, alkali durability 31 and 
resistance to corrosion and erosion 32. These characteristics, added with desirable ionic, optical 
and catalytic properties 28, have resulted in widespread high performance applications, such as 
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fillers in dental composites 33, orthopedic implants 34, 35, ultrafiltration membranes 31, refractory 
applications 32, alkali resistant coatings 36, etc.  
 However, the phase structure of zirconia is greatly affected by temperature. Amorphous 
zirconia is transformed to a tetragonal phase at 450 °C, which could be verified by DSC as 
reported by Srinivasan and Davis 28. The metastable tetragonal phase is again transformed into a 
stable monoclinic phase at 600 °C, accompanied by pore shrinkage and consequent reduction in 
surface area 28, 37, 38. This presents a difficulty in the synthesis of mesoporous materials. 
Calcination of the as–synthesized (template loaded) amorphous zirconia to remove surfactants 
leads to structural collapse due to crystallization 39. Researchers have attempted to circumvent 
this problem by either stabilizing the tetragonal phase by doping the zirconia with yttria 38, 40, or 
by employing solvent extraction at lower temperatures 41. 
 In 1998 Yang et al. reacted ZrCl4 with ethanol in the presence of a block copolymer, 
followed by drying in air to allow hydrolysis and polycondensation of the generated alkoxide 
into zirconia. Calcination at 500 °C in air completed the polycondensation step and also 
eliminated the surfactant to afford mesoporous zirconia 29. However, the material thus generated 
had a surface area of only 150 m2/g. Another report by Wong and Ying in the same year used the 
hydrolytic sol–gel reaction of zirconium propoxide in the presence of surfactants, followed by 
calcination at 400 °C to remove the surfactant template.  They observed that only alkyl 
phosphate surfactants yielded materials with surface area as high as 361 m2/g. Pore structures 
were disordered and surface area increased with alkyl chain length of the alkyl phosphate 
surfactant 42. Sayari et al. used Zr(SO4)2 precursor and quaternary ammonium salt or primary 
amine templates to prepare hexagonal and lamellar ordered mesostructured zirconia. But both 
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mesostructures collapsed upon calcination or solvent extraction 43. Suh et al. reported the 
synthesis of zirconia templated with quaternary ammonium salt surfactant using a so–called 
“atrane” route involving interaction between zirconium alkoxide and a hydrolysis retarding agent 
triethanolamine. The disordered materials had an MSU-X type wormhole structure 15 with high 
surface area, which could be retained even after calcination at 500 °C. This may be attributed to 
the comparatively higher wall thickness of 2.3 to 2.6 nm 44. Zirconium propoxide was templated 
with carboxylic acids of different chain lengths followed by 450 °C calcination in the work of 
Takenaka et al. However, the monoclinic zirconias had relatively low surface areas (< 100 m2/g) 
45. Similar low surface areas were observed by Pavasupree et al. for their quaternary amine salt 
templated zirconia which was calcined at 400 °C 46. Liu et al. reported high surface area 
mesoporous zirconia by employing solvent extraction rather than calcination 47. Our 
collaborators Zheng et al. achieved high surface areas for urea templated, Zr–incorporated titania 
materials where the nonsurfactant urea template was removed by solvent extraction 21. It is 
expected that solvent extraction, which does not employ heating that induces crystalline 
transformation of amorphous zirconia, is most promising to the preparation of mesoporous 
zirconia.      
 On the other hand, the disadvantages of solvent extraction were discussed in Section 
2.1.1. Therefore, there is a need for an alternative approach to preparing pure mesoporous 
zirconia (without yttria). The use of volatile and low boiling templates allows for template 
removal at temperatures under 400 °C, affording mesoporous materials and avoiding pore 
collapse. This chapter demonstrates that it is possible to prepare pure mesoporous zirconia 
without solvent extraction by using sublimable or low boiling templates. 
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2.1.4. Organic modified mesoporous silica (ormosils) 
 The incorporation of organic groups within the inorganic metal oxide network is an 
attractive research area as it combines the widely variable (and controllable) chemistry of 
organic functional groups with the thermal stability and robustness of the inorganic framework. 
The organic groups can be incorporated in two different ways (Fig. 2.1) 48: 
i) Post–synthetic grafting: In this method, the mesoporous silica network is synthesized and the 
template is removed in the first step and, then, organosilane groups, such as RSi(OR’)3, RSiCl3, 
or R3SiCl, are incorporated or anchored onto the surface of the pores resulting in a functionalized 
mesoporous silica. However, poor loading, inhomogeneous distribution of organic groups and 
lowering of pore volume are some drawbacks 48. 
ii) Co–condensing organosilanes with tetraalkoxysilanes: In this method, organotrialkoxysilanes 
(RSi(OR’)3) or diorganodialkoxysilanes (R2Si(OR’)2) are added to tetraalkoxysilanes, such as 
TEOS or TMOS, during the hydrolysis step of the sol–gel reaction. Since the organic groups are 
directly attached to the silica, there is no problem of pore blocking or loss of pore volume. Also, 
the distribution of the organic groups is more homogeneous than in the case of the grafting 
approach 49. However, the extent of the incorporation of organic groups is typically limited to 
under 40 mol %.  
 Hu et al. reported phosphino ligand containing mesoporous organosilicate materials as 
active organometallic catalysts for Heck and allylation reactions by co–condensing 2– 
(diphenylphosphino)ethyl triethoxysilane (PPETS) with TEOS 50.  Walcarius et al. co–condensed 
TEOS and mercaptopropyl trimethoxysilane (MPTMS) to generate mesoporous mercaptopropyl 
88 
 
functionalized silica matrices, capable of binding to mercury via complexation with thiol groups 
51. Ji et al. reported the co–condensation of TEOS with (3-trimethoxysilyl)propyl methacrylate 
(TMSPMA) to produce methacrylate modified mesoporous silica matrices for use as fillers in 
nanocomposite materials 52. Several other workers have reported organic modified mesoporous 
silica with various functionalities such as vinyl 53, phenyl 54, amine 55, cyano 56, etc. All of these 
were prepared using surfactant templates.  
  Among nonsurfactant templated approaches, our research group reported the synthesis of 
mesoporous polystyrene–silica and polymethacrylate–silica hybrids via co–condensation of 
TEOS with the appropriate prepolymer containing a trialkoxysilane moiety. Dibenzoyl tartaric 
acid (DBTA) was used as template 57, 58. Also, phenyl modified hybrid mesoporous silica was 
synthesized by the co–condensation of TEOS and phenyltrimethoxysilane (PhTMS) precursors 
in the presence of fructose template 59. Such a phenyl modified silica was demonstrated to be an 
effective matrix for the simultaneous immobilization of horseradish peroxidase and glucose 
oxidase enzymes 60.    
 A major limitation with the co–condensing approach is that template removal by 
calcination is not feasible since most organic groups are destroyed at such high temperatures 49. 
Template extraction is carried out almost exclusively by solvent extraction. However, in addition 
to the limitations mentioned in Section 2.1.1, solvent extraction has an additional drawback, 
particularly in cases where biomolecules are encapsulated in metal oxide matrices. If the pore 
size is too large, there is a possibility of enzyme leeching out of the pores when solvent 
extraction is applied to remove template 61, 62. Further, certain biomolecules can be very sensitive 
to solvent which may result in denaturation. Thus, specifically for enzymes that catalyze gaseous 
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reactions, a solventless template extraction route would be an attractive alternative. Sublimation 
of the template offers this possibility and is therefore investigated as a method of template 
extraction from organic modified silica matrices.     
 Besides the mesoporous zirconia, this chapter also demonstrates the use of sublimation as 
a method of template removal from menthol templated vinyl functionalized mesoporous silica 
(ormosil).      
 
2.2. Experimental section 
2.2.1. Materials 
 Zirconium (IV) propoxide, 70% solution in 1-propanol (cat.# 333972); tetraethyl 
orthosilicate (TEOS), 98% (cat.# 131093); benzophenone, 99% (cat.# B9300); camphor, 96% 
(cat.# 148075) and acetanilide, 97% (cat.# 112933) were purchased from Aldrich. 
Vinyltriethoxysilane (VTES), 98% (SIV9122.0) was purchased from Gelest. (1R, 2S, 5R)-(–)-
Menthol (cat.# M0545) was purchased from TCI America. Ethanol, 200 proof (anhydrous) was 
obtained from Pharmco–Aaper. All the reagents were used as received unless otherwise 
specified. 
2.2.2. Synthesis of mesoporous zirconia 
 Mesoporous zirconia was prepared using the acid catalyzed hydrolytic sol–gel route 
using zirconium (IV) propoxide as precursor. In a typical procedure for the synthesis of 50 wt. % 
benzophenone templated zirconia, 7.8 g solution of 5.46 g (0.017 mol) zirconium (IV) propoxide 
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precursor in ethanol was mixed with 30 mL ethanol in a 250 mL beaker with a stir bar. Based on 
stoichiometry, 5.46 g precursor should yield 2.05 g zirconia (ZrO2) upon complete hydrolysis 
and polycondensation. A solution of 2.05 g of benzophenone in 30 mL of ethanol was then added 
over 1 min. into the beaker and homogenized for 10 min after which a clear, light yellow 
solution was obtained. 0.56 g 2M HCl was then added under stirring. The solution became 
translucent. After another 10 min 0.5 g (0.028 mol) distilled H2O was added and the beaker was 
covered with a parafilm. A grey suspension was obtained, which was stirred over 2 hours to 
afford a highly viscous solution. At this point the stir bar was removed, and the parafilm–covered 
beaker was placed in a fume hood for aging. Gelation occurred within 2 hours (the material did 
not flow upon inverting the beaker) at which point 15 to 20 pinholes were punched into the 
parafilm cover and the beaker was placed in an air oven at 50 ºC to dry off the condensation 
products, i.e., water and excess ethanol. 
 After 5 days of drying, the solid gels were crushed with a mortar and pestle and passed 
through a 40 mesh sieve to yield a fine powder of 50% benzophenone templated zirconia. At this 
point some as–synthesized sample was saved for TGA analysis. The template was removed by 
heat treatment at different temperatures (depending on the study), and for comparison, a sample 
of 50 wt. % benzophenone templated zirconia was subjected to solvent extraction in acetone.  
2.2.3. Synthesis of mesoporous vinyl functionalized silica  
 Vinyl functionalized mesoporous silica was synthesized by acid–catalyzed hydrolysis and 
co–condensation of TEOS and VTES, followed by addition of menthol as template before the 
gelation step. In a typical procedure for the preparation of 40 wt. % menthol templated 
mesoporous vinyl functionalized silica, 5.85 g (0.325 mol) distilled water, 0.8 mL 2M HCl and 
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4.76 g (0.025 mol) VTES were added into a pre–weighed 100 mL two neck round bottom flask 
equipped with a stir bar and a thermometer. 46.87 g (0.225 mol) TEOS was slowly added into 
the flask under moderate stirring. Such combination of reactants with a TEOS:VTES ratio of 9:1, 
should yield 15 g of SiO2 (15.4 g of vinyl functionalized SiO2) assuming complete hydrolysis 
and condensation of the alkoxysilane precursors. The mixture became clear in approximately 5 
min and the temperature reached 58 ºC. The solution was then refluxed at 60 ºC for 2 hours 
under nitrogen purge, after which it was allowed to cool to room temperature. It was then divided 
into five parts such that each part would contain 3 g of SiO2. One part was slowly charged into a 
solution of 2 g menthol in 5 mL ethanol in a 100 mL beaker (separately prepared) under stirring 
2 g menthol and 3 g SiO2 should give a 40 wt. % menthol templated SiO2. The other parts were 
added, each into a different beaker containing a calculated weight of menthol dissolved in 5 mL 
ethanol to get vinyl silica with the desired wt. % of template. The mixture became clear within a 
minute and stirring was continued for 5 min. Next, 1.5 mL 0.25M NaOH was added into the 
beaker to neutralize the pH, after which, the stir bar was removed and the clear, menthol 
containing solution became viscous.  
 Gelation occurred in less than 5 min and the consolidated mass did not flow upon 
inverting the beaker (Fig. 2.2.a). The beakers were covered with parafilm with 10 to 15 pin 
holes. The solidified gel was allowed to sit in the fumehood for a week after which a clear 
monolith was obtained (Fig.2.2.b). These as–synthesized dry gels were then crushed using a 
mortar–pestle and passed through a 40 mesh sieve to yield a fine, white powder.    
 Template extraction was carried out by placing a small pre–weighed crucible containing 
0.5 g of the crushed menthol templated powder inside a sublimation apparatus with a cold finger 
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cooled by circulating cold water as shown in Fig. 2.3. The sublimation apparatus was dipped in a 
50 ºC silicon oil bath and vacuum was applied to allow sublimation of menthol. The amount of 
menthol collected on the cold finger over a period of one week was recorded. For comparison, a 
portion of the as–synthesized samples was subjected to solvent extraction in ethanol.  
2.2.4. Characterization of mesoporous zirconia 
 Nitrogen adsorption–desorption measurements were performed on an ASAP 2010 surface 
area and pore size analyzer instrument (Micromeritics Inc., Norcross, GA) at –196 ºC (liquid 
nitrogen). Samples were degassed overnight at 150 ºC before analysis. Surface area, pore volume 
and pore size were calculated using the Micromeritics software. TGA weight loss measurement 
was performed on a TA Q50 Thermogravimetric Analyzer (TA Instruments Inc., New Castle, 
DE). Samples were maintained at 60 ºC for 10 min to allow for evaporation of any residual 
ethanol and then heated to 600 ºC at 5 ºC/min in air. The DSC isotherm was obtained using a TA 
Q100 Differential Scanning Calorimeter (TA Instruments Inc., New Castle, DE). Differential 
Thermogravimetry (DTG) plot was obtained as the first derivative of the TGA curve and shows a 
peak corresponding to weight loss on TGA. The DSC/TGA/DTG plots were obtained using a 
heating rate of 20 ºC/min in nitrogen unless otherwise specified. Transmission electron 
microscopy (TEM) images were obtained using a JEOL JEM2100 instrument (JEOL Ltd., 
Tokyo, Japan). Wide angle X-ray diffraction was performed on a Siemens D500 X-Ray 
diffractometer (Siemens AG, Karlsruhe, Germany). 
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2.2.5. Characterization of mesoporous vinyl functionalized silica 
 Nitrogen adsorption–desorption measurements were performed on an ASAP 2010 surface 
area and pore size analyzer instrument (Micromeritics Inc., Norcross, GA) at –196 ºC (liquid 
nitrogen). Samples were degassed overnight at 60 ºC before analysis. Surface area and pore size 
were calculated using the Micromeritics software. TGA weight loss analysis was performed on a 
TA Q50 Thermogravimetric Analyzer (TA Instruments Inc., New Castle, DE). Samples were 
heated to 800 ºC at 20 ºC/min in air. Transmission electron microscopy (TEM) images were 
obtained using a JEOL JEM1400 instrument (JEOL Ltd., Tokyo, Japan). 
 
2.3. Results and discussion 
2.3.1. Mesoporous zirconia 
 The composition and pore parameters of the mesoporous zirconia materials prepared by 
the sublimable nonsurfactant templating route are summarized in Table 2.2. Materials with 
surface area as high as 225 m2/g and pore volume of 0.19 cm3/g were obtained. These values are 
significantly higher than those in the literature for mesoporous zirconia. 
2.3.1.1. Effect of template removal method 
 The sample ZM-B-50 with 50 wt. % benzophenone template was used to study the effect 
of template removal procedure on the properties of the resulting mesoporous zirconia materials. 
From the TGA/DTG plot in Fig.2.4 it is clear that the majority of the weight loss occurs before 
350 ºC, even at a relatively fast heating rate of 20 ºC/min. This is also consistent with the boiling 
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point of benzophenone (305 ºC). Therefore, holding the sample at 350 ºC for 4 hours is expected 
to completely remove the benzophenone template. The DSC plot in Fig. 2.4 is rather complicated 
until the temperature crosses 300 ºC. This is due to the competition between the evaporation of 
ethanol and template, which are endothermic, and the slow, thermally induced crystallization of 
the zirconia matrix, which is exothermic. The degradation of unreacted organic moieties from the 
precursor is also exothermic. Transformation of amorphous zirconia into the tetragonal phase 
occurs even at lower temperatures (but at a slower rate). After 300 ºC, a large part of the 
template is already sublimed and the baseline becomes smooth. A rather sharp and obvious peak 
at 474 ºC is indicative of extensive transformation of amorphous zirconia to the tetragonal phase. 
This transformation was also observed at 450 ºC by Srinivasan and Davis 28.  
 Indeed, the nitrogen adsorption–desorption isotherms in Fig. 2.5 show that samples 
treated at both 300 ºC and 400 ºC show type IV isotherms with tiny hysteresis loops. In contrast, 
the sample treated at 350 ºC shows a type IV isotherm with a large H2 hysteresis loop. This is 
because while template removal from the amorphous zirconia is incomplete at 300 ºC (as noted 
by the presence of dark spots in the material after heat treatment), crystallization has proceeded 
to a relatively greater extent in the material at 400 ºC. Heat treatment at 350 ºC represents a 
perfect balance between these two competing processes as is evidenced by the relatively large 
peak at 3.3 nm in the BJH desorption average pore size distribution plot (Fig. 2.6) and the high 
surface area of 199 m2/g and pore volume of  0.14 cm3/g. The acetone extracted ZM-B-50 
sample showed a slightly higher surface area and pore volume of 222 m2/g and 0.17 cm3/g, 
respectively (Table 2.2). The hysteresis loop for the acetone extracted sample is also type IV 
with primarily H2 character but with some H1 type sorption in the higher P/P0 region. This is 
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explained by the fact that this sample was not heated and therefore did not experience any 
significant thermally induced crystallization which causes pore shrinkage. 
 Thus, 350 ºC for 4 hours was found to be the optimum conditions for template removal 
via sublimation.  
2.3.1.2. Effect of template type 
 Four different sublimable/ low boiling compounds with very different structures and 
boiling points were explored as templates (Table 2.1). Two bulky ketones (benzophenone and 
camphor); an amide (acetanilide) and an alcohol (menthol) were used for templating mesoporous 
zirconia.  
 All samples in this study were loaded with 66 wt. % of template. Template was removed 
by heating the sample at 350 ºC for 4 hours, which was found to be the most effective method 
(Section 2.3.1.1). Fig. 2.7 shows that as–synthesized samples with menthol and acetanilide 
exhibit smaller TGA weight losses than the sample with benzophenone, which showed the 
expected 66 % weight loss (as–synthesized camphor templated sample was not available for 
comparison). The smaller weight loss of the menthol templated sample can be explained based 
on its higher vapor pressure. But the smaller weight loss from the acetanilide templated sample is 
not fully understood, though it could be caused by the loss of acetanilide during sample 
preparation. 
 Using acetanilide as a template results in a microporous material (ZM-A-66). The type I 
hysteresis loop from nitrogen adsorption–desorption (Fig. 2.8), as well as the low surface area of 
85 m2/g and pore volume of 0.05 m2/g, are indicative of this assessment. The 66 wt. % menthol 
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and camphor templated samples had type IV isotherms with small H2 hysteresis loops and 
surface areas of 109 and 143 m2/g respectively, showing mesoporosity. Interestingly, the BJH 
desorption plot (Fig. 2.9) of the menthol templated sample shows a large peak at 4 nm, the 
largest pore diameter out of all the four templates used in this study. In contrast, camphor, with a 
boiling point close to menthol does not show a discernable peak. The ability of the menthol 
molecule to interact via hydrogen bonding with the Zr–OH species during the condensation step 
may be responsible for the slightly larger pore diameter. 
 When 66 wt. % benzophenone (ZM-B-66) is used as a template a typical type IV 
isotherm with large H2 hysteresis loop is observed (Fig. 2.8). The largest surface area (225 m2/g) 
and pore volume (0.19 cm3/g) out of all the four templates is obtained with benzophenone. The 
BJH pore size distribution plot also shows a significant peak at 3.3 nm (Fig. 2.9). The larger size 
of the benzophenone molecule, owing to the two phenyl groups is possibly responsible for such 
high surface area and pore volume. A TEM image (Fig. 2.10) provides a visual representation of 
a mesoporous zirconia sample with 66 wt. % benzophenone template. Interconnected wormhole–
like channels of ~3 nm diameter are clearly discernable. A small degree of crystallinity is also 
observable. This is due to the presence of a small amount of tetragonal phase. A broad peak is 
seen at 30º in the XRD of ZM-M-66, which also indicates a largely amorphous structure with 
small degree of crystallinity (Fig. 2.11).    
 2.3.1.3. Effect of template content 
 Section 2.3.1.2 demonstrated that benzophenone was the most effective out of the four 
template molecules studied. The effect of the content of benzophenone on the textural properties 
of the mesoporous zirconia materials was further investigated in this study. 
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  Fig. 2.12 shows the TGA weight loss of the as–synthesized mesoporous zirconia 
materials with various amounts of benzophenone template. While ZM-0 with no template shows 
a 21 % weight loss, ZM-B-50 shows a 53 % weight loss and ZM-B-66 shows the expected 66 % 
weight loss. Wei et al. also reported decreasing TGA weight loss with increasing content of 
glucose template in acid–catalyzed sol–gel mesoporous silica samples and attributed this 
discrepancy to incomplete hydrolysis 15. It was also speculated that in the absence of template (or 
when template content was low), the metal oxide gel was in the form of an alcogel, containing a 
large amount of alcohol within the pores. Dissolving a template in significant quantity into the 
alcohol allows the metal oxide network to be formed on the template aggregates and tends to 
exclude out the alcohol solvent from the bulk to the surface. This forms a gel with template 
occluded pores, and the alcohol on the surface dries out rather quickly, producing a structure 
closer to a xerogel. This would explain why samples with greater template content show a TGA 
weight loss closer to the expected value. 
 The nitrogen adsorption–desorption isotherms in Fig. 2.13 show that all four samples, 
including ZM-0 (without template), show type IV isotherms, but the H2 hysteresis loops for ZM-
B-50  and ZM-B-66 are much more prominent. The surface area and pore volume increase with 
increasing benzophenone content, typical of nonsurfactant templated mesoporous materials. The 
BJH pore size distribution plot (Fig. 2.14) shows prominent peaks at 3.3, 3.3 and 2.9 nm for ZM-
B-66, ZM-B-50 and ZM-B-33, respectively. No discernable peak was observed for ZM-0.  
 Thus, an increase in benzophenone content tends to increase the surface area, pore 
volume and somewhat the pore size of the resultant mesoporous zirconia materials.      
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2.3.2. Vinyl functionalized mesoporous silica 
 The clear monoliths in Fig. 2.2.b are menthol templated vinyl functionalized sol–gel 
glasses which become mesoporous upon removal of the menthol. The sample naming convention 
is provided as a footnote with Table 2.3 and for the expanded sample nomenclature, the reader is 
directed to the ‘List of Abbreviations’ in the index section of this thesis.  
 The presence of vinyl functionality in the resultant material is verified by the FTIR 
spectrum as shown in Fig. 2.15.b. The peaks from 0M-ext at 1413 (C–H bending), 1630 (C=C 
stretching) and 2981 (C–H stretch) in Fig. 2.15.b match closely with  peaks from the 
vinyltriethoxysilane precursor at, respectively, 1408, 1599 and 2976 cm-1 in Fig. 2.15.a 63. The 
peaks at 969 and 1052 cm-1 in Fig. 2.15.b correspond to the bending of the Si–O bond, whereas 
the broad peak at 3388 cm-1 is due to the presence of hydroxyl groups either from silanol 
moieties (Si–OH), residual ethanol or absorbed moisture.  
2.3.2.1. Effect of menthol content 
 The vinyl functionalized sol–gels were loaded with different wt. % of menthol to 
examine the effect of menthol content on the properties of the resulting mesoporous materials. 
Fig. 2.16 shows the TGA weight loss curves of the as–synthesized samples containing 0, 20, 40 
and 60 wt. % menthol, respectively. For 20M-as 15 % weight loss occurs before 250 ºC whereas 
weight loss at this temperature is as high as 58 % for 60M-as. This is due to the evaporation of 
menthol, which boils at 212 ºC. All the curves show a second weight loss in the 450 to 550 ºC 
region. This can be attributed to the loss of the organic moieties (vinyl as well as unreacted 
ethoxy groups) directly attached to the silicates. The final weight loss of the 0 % (0M-as) 
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menthol templated sample is 12.6 %, which once again is much higher than expected. However, 
the weight loss from the 60 % menthol templated sample was 65.1 %. Accounting for 60 % 
menthol, incorporation of vinyl group (accounts for ~ 2.6 wt. % in the present system) and 
unreacted ethoxy groups, 65.1 % is relatively close to the expected value. The high weight loss 
from 0M-as is consistent with the trends observed with mesoporous zirconias, which were 
explained in Section 2.3.1.3. 
 Nitrogen adsorption–desorption curves in Fig. 2.17 show type IV isotherms in all cases. 
The H2 loop in 0M-sub is very tiny, whereas it is quite prominent for all of the other samples, 
particularly, 60M-sub. For 60M-sub, BJH desorption average pore diameter plot in Fig. 2.18 
shows a very large peak at 4.3 nm, while the peak for 0M-sub was not at all prominent. While 
pore volume increased directly with increasing template content, the surface area of 40M-sub 
was 622 cm2/g, which was significantly greater than 524 cm2/g for 60M-sub (Table 2.3). Even 
for the ethanol extracted samples, the 40 wt. % menthol templated sample (40M-ext) had greater 
surface area than the 60 wt. % sample (60M-ext). The reason for this discrepancy is not clear.    
 However, in spite of some discrepancies, the trends clearly show that increasing content 
of menthol template leads to an increase in surface area and pore volume of the vinyl 
functionalized mesoporous silica. 
2.3.2.2. Effect of template removal method  
 The TEM image of 40M-sub shown in Fig. 2.19 reveals a mesoporous material with 
interconnected wormhole like pores, similar those to previously reported for the nonsurfactant 
templated mesoporous silica materials 14, 17, 19. This image, in addition to the type IV isotherms 
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from Fig. 2.17, clearly proves that menthol acts as a nonsurfactant template for vinyl 
functionalized mesoporous silica and that sublimation of menthol is an effective method of 
generating a mesoporous material. 
 The ethanol extracted samples also showed type IV isotherms (Fig. 2.20), and the sample 
0M-ext without template did not show an observable peak in the BJH desorption plot (Fig. 2.21). 
As listed in Table 2.3, the surface areas of the ethanol extracted samples were about 300 m2/g 
greater and the pore volumes were higher than the sublimed samples at the same menthol 
content. This implies that while sublimation can effectively generate a mesoporous material, it is 
slightly less efficient than the solvent extraction at removing all of the menthol template. This 
can be verified by observing the percentage of template recovered from the sublimed samples in 
the fifth column of Table 2.3. Significantly small amounts of menthol (< 50 %) were recovered 
from 20M-sub and 40M-sub while as much as 67 % was recovered from 60M-sub. This implies 
that samples with greater menthol content can form wider pores (60M-sub had the greatest BJH 
pore diameter in Fig. 2.18) which allow the sublimation of the occluded menthol more readily.  
 
2.4. Conclusions 
 Sublimation as an effective method for template removal from mesoporous zirconia and 
vinyl functionalized silica was demonstrated in this chapter. Heat treatment at 350 ºC for 4 hours 
was shown to be a highly efficient method to remove benzophenone template from mesoporous 
zirconia without allowing thermally induced crystallization of the matrix on a large scale. This 
avoided the pore shrinkage associated with heat treatment at higher temperatures, a common 
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method for removal of surfactant templates. The process is also time efficient and requires only 
four hours, which is much shorter than the time required in the solvent extraction process. The 
method can be easily scaled up for producing large quantities of mesoporous zirconia. 
 Sublimation of menthol template at 50 ºC from vinyl functionalized silica was also 
proven to be an effective method of template removal, circumventing the need for any high 
temperature calcination, which may degrade the organic functionality. The method is solventless 
after the formation of the gel, which means that it is applicable to biomolecule/nanoparticle/drug 
encapsulation without worrying about leaching of the encapsulated molecules during template 
removal. It is also not limited to vinyl functionalized silica alone but is expected to work for any 
purely inorganic metal–oxide or organic functionalized metal–oxide (ormosil) matrix.  
 A typical application of the sublimation of template under ambient conditions is in the 
encapsulation of enzymes that catalyze gaseous reactions. For example, OPAA, an enzyme that 
degrades nerve gas can be encapsulated via this solventless method. After removal of menthol, 
the resultant enzyme–loaded mesoporous material can be filled into gas masks. The removal of 
menthol will create enzyme containing mesopores through which a nerve gas may enter and react 
with the enzyme and non–toxic products may exit through the pores.  
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Table 2.1. Structure and properties of different sublimable/ low boiling compounds used as 
templates. 
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Table 2.2. Composition and pore parameters of mesoporous zirconia prepared using sublimable/ 
low boiling templates. 
 
Sample 
namea 
Type and wt. % of 
template added 
Template 
removal 
method 
TGA 
weight 
loss from 
as–synth. 
sampleb 
(wt. %) 
BET 
Surface 
area    
(m2/g) 
Pore 
volume   
 
(cm3/g) 
BJH 
adsorption 
avg. pore 
diameterc 
(nm) 
ZM-C-66 66% camphor 350ºC, 4hrs  109 0.07  
ZM-M-66 66% menthol 350ºC, 4hrs 56 143 0.09 4.0 
ZM-A-66 66% acetanilide 350ºC, 4hrs 59 85 0.05 2.4 
ZM-B-66 66% benzophenone 350ºC, 4hrs 66 225 0.19 3.3 
ZM-B-50 50% benzophenone 350ºC, 4hrs 53 199 0.14 3.3 
ZM-B-33 33% benzophenone 350ºC, 4hrs 40 135 0.08 2.9 
ZM-0 no template added 350ºC, 4hrs 21 114 0.07  
ZM-B-50 50% benzophenone 400ºC, 4hrs 53 100 0.07 3.2 
ZM-B-50 50% benzophenone 300ºC, 4hrs 53 143 0.09  
ZM-B-50 50% benzophenone acetone extraction 53 222 0.17 3.6 
 
a naming convention: ZM-letter-number where ZM = mesoporous zirconia; letter: A = 
acetanilide, B = benzophenone, C = camphor, M = menthol; number = wt. % template added 
b before template extraction 
c From maxima of BJH desorption isotherm 
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Table 2.3. Composition and pore parameters of vinyl functionalized mesoporous silica prepared 
using menthol as template. 
 
Sample 
namea 
wt. % of 
menthol  
(template) 
added 
Template 
removal 
method 
TGA 
weight 
loss from 
as–synth. 
sample 
(wt. %) 
Template 
recoveredb 
(%) 
BET 
Surface 
area 
(m2/g) 
Pore 
volume 
(cm3/g) 
BJH 
adsorption 
avg. pore 
diameterc 
(nm) 
0M-as 0 none 12.6     
20M-as 20 none 26.2     
40M-as 40 none 42.7     
60M-as 60 none 65.1     
0M-sub 0 sublimation  0 335 0.20  
20M-sub 20 sublimation  10 427 0.29 3.5 
40M-sub 40 sublimation  35 622 0.45 3.2 
60M-sub 60 sublimation  67 524 0.62 4.3 
0M-ext 0 extraction   301 0.19  
20M-ext 20 extraction   760 0.46 3.3 
40M-ext 40 extraction   915 0.68 3.4 
60M-ext 60 extraction   856 0.78 3.6 
 
a naming convention: numberM-template removal method; where number = wt. % template 
added; M = menthol; template removal method: as = as–synthesized (no template removal), sub 
= sublimation, ext = extraction  
b Measured as weight of menthol collected on cold finger of sublimation apparatus X 100               
             weight of menthol in as–synthesized sample charged into sublimation apparatus  
c From maxima of BJH desorption isotherm 
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Fig. 2.1. Methods of synthesis of hybrid mesoporous organosilica 48. 
 
 
 
 
 
 
 
106 
 
 
 
Fig. 2.2. a) clear solutions obtained upon gelation of menthol templated mesoporous vinyl 
functionalized silica materials b) clear, monolithic menthol containing mesoporous vinyl 
functionalized silica gels after one week of drying in fumehood.  
 
 
a
b
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Fig. 2.3. Schematic illustration of sublimation apparatus for extraction of menthol template.   
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Fig. 2.4. Overlay of DSC, TGA and DTG curves of 50 wt. % benzophenone templated zirconia 
heated at 20 ºC/min in nitrogen. 
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Fig. 2.5. Nitrogen adsorption–desorption isotherms of 50 wt. % benzophenone templated 
zirconia after various template removal methods. Samples were held for 4 hours at the specified 
temperature in an air oven. 
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Fig. 2.6. BJH pore size distribution plots of 50 wt. % benzophenone templated zirconia after 
various template removal methods. Samples were held for 4 hours at the specified temperature in 
an air oven. 
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Fig. 2.7. TGA weight loss curves of zirconia samples containing 66 wt. % of different low 
boiling nonsurfactant templates at a heating rate of 5 ºC/min in air. 
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Fig. 2.8. Nitrogen adsorption–desorption isotherms of zirconia samples containing 66 wt. % of 
different low boiling nonsurfactant templates after heat treatment at 350 ºC for 4 hours. 
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Fig. 2.9. BJH pore size distribution plots of zirconia samples containing 66 wt. % of different 
low boiling nonsurfactant templates after heat treatment at 350 ºC for 4 hours. 
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Fig. 2.10. TEM images of 66 wt. % benzophenone templated zirconia after template removal by 
heating at 350 ºC for 4 hours. 
 
 
 
 
 
115 
 
 
 
Fig. 2.11. Wide angle XRD of ZM-66-M (66 wt% menthol templated zirconia) after sublimation 
of template at 350 ºC for 4 hours. 
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Fig. 2.12. TGA weight loss curves of zirconia templated with varying amounts of benzophenone 
at a heating rate of 5 ºC/min in air. 
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Fig. 2.13. Nitrogen adsorption–desorption isotherms of zirconia templated with varying amounts 
of benzophenone after heat treatment at 350 ºC for 4 hours. 
 
 
 
 
 
118 
 
 
 
Fig. 2.14. BJH pore size distribution plots of zirconia templated with varying amounts of 
benzophenone after heat treatment at 350 ºC for 4 hours. 
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Fig. 2.15. a) Modified image FTIR spectrum of vinyltriethoxysilane obtained from SDBS 63 b) 
FTIR of as–synthesized sample containing no template (0M-as). 
a 
b 
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Fig. 2.16. TGA weight loss curves of as–synthesized vinyl functionalized silica samples 
templated with different quantities of menthol.  
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Fig. 2.17. Nitrogen adsorption–desorption isotherms of vinyl functionalized mesoporous silica 
templated with varying amounts of menthol after sublimation of template. 
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Fig. 2.18. BJH pore size distribution plots of vinyl functionalized mesoporous silica templated 
with varying amounts of menthol after sublimation. 
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Fig. 2.19. TEM image of vinyl functionalized mesoporous silica templated with 40 wt. % 
menthol after template removal by sublimation. 
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Fig. 2.20. Nitrogen adsorption–desorption isotherms of vinyl functionalized mesoporous silica 
templated with varying amounts of menthol after extraction of template with ethanol. 
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Fig. 2.21. BJH pore size distribution plots of vinyl functionalized mesoporous silica templated 
with varying amounts of menthol after extraction of template with ethanol. 
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Chapter 3: Synthesis and characterization of nonsurfactant templated monodispersed 
mesoporous silica nanospheres 
 
3.1. Introduction 
 Monodisperse particles are defined as those with coefficient of variation (i.e., the ratio of 
standard deviation to mean particle size) < 10%. Such particles should be consistent in size, 
shape and internal structure 1. The narrow size distribution leads to uniform physico–chemical 
characteristics, which potentially allows for precise property control. The formation of 
monodispersed micro– and nano–sized polymer beads via controlled heterogeneous 
polymerization techniques, such as emulsion, miniemulsion and microemulsion polymerization 
and by homogeneous dispersion polymerization are well known 1, 2. The particles obtained are in 
the colloidal size range and the resulting polymer suspensions are termed latexes. Colloidal silica 
particles are typically prepared by the Stober process and the resulting dispersions are commonly 
described as silica sols 1, 3, 4.     
3.1.1. Preparation of size–tunable monodisperse silica spheres by the Stober process 
 In 1968 Stober et al. reported the synthesis of monodispersed silica spheres from an 
alkoxysilane precursor in alcohol, using ammonia as catalyst 3. Particle sizes in the 50 to 200 nm 
range were reported. The Stober reaction involved base–catalyzed sol–gel hydrolysis and 
condensation processes which are predicted to form highly branched clusters that eventually 
generate discrete spherical particles (Chapter 1; Fig. 1.3). The concentration of the alkoxide 
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precursor is usually less than 0.3 mol/L, which is significantly lower than what is typically used 
in sol–gel processing. This avoids aggregation of the growing silica particles 1.   
 The most attractive feature of the Stober process is that particle size can be controlled by 
adjusting the stoichiometry of any one of the four components: alkoxysilane precursor, water, 
ammonia and the alcohol solvent. Bogush et al. 4 found that up to a threshold, increasing water or 
ammonia concentration in the colloidal silica sol tends to increase particle size, beyond which 
particle size decreases with further addition of water or ammonia (Fig. 3.1). Yun et al. reported 
that increasing the chain length of the alkyl group on the alkoxysilane precursor from TEOS to 
tetrabutyl orthosilicate (TBOS) leads to a 120 nm reduction in particle size of the resultant 
spheres if all other factors are held constant 5. However, particles generated with TMOS were 
significantly smaller and had irregular morphology. In the same paper, they also reported that 
increasing the chain length of the alcohol solvent from ethanol to butanol led to increasing in 
particle size. However, the use of methanol as solvent generated 30 to 60 nm particles of 
irregular shape whereas a bimodal particle size distribution was observed with butanol 5. Byers et 
al. also found that particle sizes increased with increasing molecular weight of the alcohol as 
well as with increasing branching of the organic chain of the alcohol 6. Van Helden et al. 
reported that the standard deviation, expressed as a percentage of the mean radii of particles 
decreased with increasing particle size (i.e.) larger particles were more monodisperse 7.  
 Bogush et al. investigated systems with 0.17M TEOS, 1M NH3 and water concentrations 
between 3.8 and 9.5M. They showed that the diameters of the particles increase logarithmically 
as a function of time (Fig. 3.2.a) 8. Tang et al. observed that increasing reaction temperature 
leads to a decrease in particle size of the spheres (Fig. 3.2.b) 9. They explained this finding on the 
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basis of retarded hydrolysis rate of the precursor at lower temperatures, which leads to increase 
in particle size according to LaMer and Dinegar’s limited self–nucleation model 10. A 
nucleophilic mechanism involving the displacement of the alkoxide by the hydroxide ion was 
proposed for the hydrolysis step of the base–catalyzed reaction 6 (Scheme 3.1). 
 
Scheme 3.1. Mechanism for the base–catalyzed sol–gel hydrolysis step in the Stober process 6   
 The silica spheres generated from the Stober process are typically microporous and 
reported density values are around 2 g/cm3. Upon heating above 800 ºC the structure densifies 
and the density reaches the literature value for amorphous silica 11.   
3.1.2. Need for monodispersed mesoporous silica spheres  
 The high surface area and nanometric pore size of mesoporous materials open up a wide 
variety of applications across diverse fields 12. However, according to Ciesla and Schuth, many 
applications in fields such as catalysis, chemical sensing and optical devices require mesoporous 
materials with defined morphology 13. Galarneau et al. claimed that column efficiency and 
separation performance of chromatography columns with mesoporous silica stationary phases are 
greatly affected by the particle size, shape and monodispersity of the silica 14. Fuertes called for 
the preparation of mesostructured materials on a sub–micron or nanoscale in order to enhance 
accessibility to adsorption to catalytic sites on the walls of the porous framework 15.  Yoon et al. 
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also stated that particle monodispersity is an issue that needs to be addressed to realize practical 
applications 16. The control of particle morphology and monodispersity as well as textural 
properties at the same time, presents an interesting challenge to the design of mesoporous 
materials.   
3.1.3. Synthesis of monodispersed mesoporous materials 
 Mesoporous materials of various types of morphology, such as fibers, gyroids and 
discoids, films, hollow and solid spheres, multiple hierarchical structures, etc., have been 
prepared 11, 17, 18. According to Alonso et al., in the case of spherical mesoporous silica, ordered 
textures and possibility of surface functionalization as well as spherical morphology in the 
micron range lead to convenient macroscopic properties, such as storage, compaction, and 
transportation, etc. 19. Additionally, of all the different morphologies attempted, particles of 
spherical morphology have been studied most widely. 
3.1.3.1. Mesoporous spherical silica via surfactant and block copolymer templated approach 
 The Stober method has been successfully extended toward the synthesis of monodisperse 
mesoporous materials. By using a mixture of alkyltrialkoxysilane (n–octyl trimethoxysilane) and 
tetraalkoxysilane (TEOS) as precursors in the Stober process, Kaiser et al. 20 prepared organic 
loaded monodisperse silica particles. Upon calcination, the organic group was removed, resulting 
in mesopores in the 3 to 5 nm range 20. The addition of cationic alkylammonium surfactants into 
the Stober system was also used to generate spherical MCM–41, 21 and it was observed that 
while pore volume increased with the alkyl chain length of the surfactant, the surface area 
showed the opposite effect 22.  Schumacher et al. also prepared non–agglomerated MCM–48 
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microspheres by the addition of cationic surfactants into the Stober system 23. Many other reports 
of ordered mesoporous silica of spherical morphology via the surfactant templated route are 
available in the literature 24-27.  
 Spherical MSU–X type particles with disordered interconnected wormhole–type pores 
were prepared by using a nonionic polyethyleneoxide surfactant as template via an HCl 
catalyzed sol–gel process 28. Similar acid–catalyzed sol–gel routes with block copolymer 
templates for generating mesoporous silica of spherical morphology have also been investigated 
15, 29, 30. 
 The use of surfactants/ block copolymers as structure directing agents presents a problem 
on account of the difficulty in removing them after the particles have been generated. Surfactant 
removal by solvent extraction is excessively time consuming, and the large volumes of solvents 
involved hinder scale–up possibilities in addition to posing undesirable environmental 
consequences 31, 32. Calcination by heating in the 550 ºC to 800 ºC range to burn off the organic 
component is a common practice, but such heat treatments significantly alter the textural 
properties of the resultant materials 33-35. Additionally, it may also leave coke as an impurity 
inside the pores 36.  
3.1.3.2. Mesoporous spherical silica via nonsurfactant templated approach 
 To avoid the drawbacks mentioned in Section 3.1.3.1 above, our group introduced the use 
of nonsurfactant molecules for the synthesis of sol–gel mesoporous materials in 1998 37-39. In this 
approach the silica network is allowed to form around aggregates or assemblies of inert small 
molecules which function as templates. As a result, a huge number and variety of compounds 
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can be chosen as potential templates. The method is discussed in detail in Chapter 1 (Section 
1.3.2.3). Due to their high water solubility, relatively low cost and biofriendly nature, sugar 
molecules (mono and disaccharides) have been commonly employed as templates in this 
technique 39. 
 In 2002, our group reported that monodisperse mesoporous spheres could be generated 
by adding nonsurfactant template (fructose) to Stober’s base catalyzed process 40. IR and TGA 
studies proved that the nonsurfactant template can be completely removed by washing with 
distilled water. In this work, the effect of template content on the particle size and surface area of 
the spheres has been examined in an effort to tailor the morphology by simply varying the 
amount of template. The monosaccharide fructose was chosen as template for this study. To 
investigate the effect of structure of the template molecule, some samples were prepared using 
glucose as the nonsurfactant template. The symmetrical disaccharide maltose was also used to 
examine whether the size of the template molecule plays any role. 
3.1.4. Applications of mesoporous silica nano and microspheres  
  The application of monodisperse mesoporous silica as a stationary phase in 
chromatography has attracted remarkable amount of attention. Galarneau et al. evaluated non 
agglomerated mesoporous spheres as stationary phases for chromatography columns 14. Ma et al. 
found that large pore mesoporous silica microspheres were effective as a packing material in 
HPLC in separating small molecules, like aromatics, as well as large biomolecules, such as 
proteins 41. Keane et al. demonstrated the separation of nonpolar and polar molecules using 
mesoporous silica spheres as column packing in Ultra High Performance Liquid 
Chromatography (UPLC)  42. A plethora of other publications exploring the use of monodisperse 
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mesoporous silica spheres as stationary phase in HPLC and capillary electrochromatography 
(CEC) columns indicate the tremendous interest in this area 14, 30, 43-47.  
 Another key area of interest is in the field of catalysis, owing to the ease of incorporation 
of transition metals into the monodisperse mesoporous networks 26, 48-50. Among other 
applications, are protein delivery 51, enzyme immobilization 52 and drug delivery 53. 
 The particles described in this chapter were prepared for use as fillers in experimental 
dental composite materials. Results of these experiments are provided in Chapter 5. Another 
potential application of these materials is in the preparation of printing inks.  
 
3.2. Experimental Section 
3.2.1. Materials 
 Tetraethyl orthosilicate (TEOS), 98% (cat.# 131093); D-(–)-fructose, 98% (cat.# 47745); 
D-(+)-glucose, 99.5% (cat.# G8270) and D-(+) maltose monohydrate, 98% (cat.# M5895) were 
obtained from Aldrich. Ammonium hydroxide (29.82%) was obtained from Fisher Scientific and 
ethanol (200 proof, anhydrous) was obtained from Pharmco-Aaper. All reagents were used as 
received. 
3.2.2. Synthesis of mesoporous spheres 
 In a typical procedure for the preparation of 3 g of 50 % fructose templated mesoporous 
silica, TEOS (10.4 g, 0.05 mol) was added into a 400 mL beaker with magnetic stirring followed 
by immediate addition of ethanol (270 mL). The clear mixture was stirred for 5 min and then a 
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solution of required weight of fructose (3 g for 50 % fructose template) dissolved in 5 g distilled 
water was added. The beaker was sealed off with parafilm and stirring was continued. After 30 
min 9.2 mL NH4OH was added and the pH reached 8-9, as tested on pH paper. The beaker was 
again sealed with 2 layers of parafilm and allowed to stir overnight. The solutions became 
opalescent within 60-180 min after the addition of NH4OH, and those containing more than 20 
wt. % fructose would eventually acquire a milky appearance as the reaction progressed. Finally 
the colloidal silica sols obtained were filtered through a membrane filter. Before filtration, a 
small amount of the colloidal silica sol was first analyzed by DLS to determine the particle size 
range. Those containing particles with a mean size under 200 nm were passed through a PTFE 
filter membrane (Whatman, cat# 7582-004) with pore size of 200 nm. A 500 nm pore membrane 
(Milipore, Type FH) was used for larger particles. At this stage a small amount of the product 
retained on the membrane could be removed with a spatula and kept in a vacuum oven at room 
temperature for thermal analysis. This was the ‘as-synthesized’ product containing 50 % fructose 
template. The remaining sample was then washed with copious amounts of distilled water to 
remove the template and to lower the pH to near 7. It was then dried under vacuum at room 
temperature. The product dried into a soft, white powder, which was scraped off the surface of 
the membrane, thus yielding the water-extracted mesoporous silica spheres.  
 All reactions were carried out at room temperature and results were at least duplicated to 
ensure reproducibility.  
 Samples were named according to the following convention: Template name (F = 
fructose; G = glucose; M = maltose) – wt. % template added – final treatment (ext = extraction 
with water; cal = heat-treatment to 800 °C; as = as synthesized without further treatment). 
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3.2.3. Characterization 
 Nitrogen adsorption–desorption measurements were performed on an ASAP 2010 surface 
area and pore size analyzer instrument (Micromeritics, Inc., Norcross, GA) at –196 °C (liquid 
nitrogen). Samples were degassed overnight at 100 °C before analysis. Surface area and pore size 
were calculated using the Micromeritics software. Thermal analysis was performed on a TA Q50 
Thermogravimetric Analyzer (TA Instruments Inc., New Castle, DE). Samples were maintained 
at 90 °C for 10 min and then heated to 800 °C at 10 °C /min in air. Particle size distributions 
were determined using a Horiba LB-500 Dynamic Light Scattering (DLS) Particle Size Analyzer 
(Horiba Ltd., Kyoto, Japan).  Scanning electron micrographs (SEM) were obtained using a FEI 
XL30 ESEM (FEI Corp., Hillsboro, OR). Transmission electron microscopy (TEM) images were 
obtained using a JEOL JEM2100 instrument (JEOL Ltd., Tokyo, Japan). 
 
3.3. Results and discussion 
3.3.1. Thermogravimmetric analysis (TGA) 
  Weight loss for all samples after heating to 800 °C in air at a rate of 10 °C /min is 
reported as TGA weight loss in Table 3.1. Typical TGA curves of as-synthesized as well as 
water-extracted samples are plotted in Fig. 3.3. Rather interestingly the sample without any 
template (0-ext) shows a weight loss of about 6 %. This can be attributed to unreacted ethoxy 
groups from TEOS. Thus, the TGA weight loss does not directly reveal the amount of template 
incorporated into the silica spheres. Unreacted ethoxy groups account for a small part of this 
value. If the amount of unreacted ethoxy groups is expected to remain constant for all cases, then 
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the wt. % of template incorporated inside the pore is simply given by subtracting 6 % from the 
value in the fourth column of Table 3.1. To confirm this, the weight loss of washed samples 
(after template removal) was also studied by TGA. Fig. 3.3 shows that after washing with water, 
the samples containing template (F-30-ext, F-40-ext) as well as the sample containing no 
template (0-ext) showed the same weight loss of around 6 %. This ascertains the fact that 
unreacted TEOS contributes to about 6 % of weight loss in all cases. Weight loss of about 7 % 
was also reported by Wei et al. 38 for both acid and base catalyzed silica monoliths in the absence 
of template. 
 Fig. 3.3 also shows the weight losses of the template contained in as-synthesized samples. 
F-40-as with 40 wt. % fructose (by calculation based on stoichiometry of starting materials) 
shows a weight loss of only 28 %. This indicates that only part of the fructose was actually 
retained inside the spheres. This explains why the TGA weight loss (Table 3.1, fourth column) is 
always lower than the calculated weight of template added (Table 3.1, third column). 
3.3.2. Determination of particle size and particle size distribution 
Both DLS and SEM imaging were used to study the particle size and size distribution of 
the spheres. While DLS was mainly used as a measure to estimate the particle size range in order 
to determine the pore size of the membrane filter required, the results of these experiments could 
be used to estimate the particle size and distribution in the colloidal silica sol. 
SEM established the spherical morphology of the product after extraction of template and 
the images in Fig. 3.4 show that the particles were not agglomerated in the solid state. SEM 
images with a large number of particles were taken for every sample and histograms were 
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prepared by counting over a hundred particles. A typical histogram for F-40-ext (40 wt. % 
fructose) is presented in Fig. 3.5. This technique was also employed by Bogush et al. 4, as well as 
by Arkhieeva and Hay 54. The mean particle size calculated from these histograms is presented in 
Table 3.1. 
All samples showed smaller mean particle size by SEM as compared to DLS, which is in 
conformity with observations by Van Helden et al. 7 for colloidal silica sols of Stober silica, 
Catone and Matijevic 55 for spherical aluminum hydroxide particles and McDonald et al. 56 for 
polyvinyl chloride latexes. This can be attributed to shrinkage of the silica structure upon drying 
and also upon interaction with the electron beam 7. Furthermore, one has to take into account the 
fact that the spheres were swollen with template during the DLS observation and that this 
template is washed off prior to the SEM imaging. Also, DLS standard deviations are 
considerably greater than the values from SEM histograms. Van Helden and Vrij 57 explained 
this on the basis of agglomeration in solution. A thorough comparison of DLS with SEM as 
techniques for particle size characterization can be found in the work of Bootz et al. 58. The 
majority of the samples showed a standard deviation under 10 % of the mean particle size by 
SEM which indicates that they are noticeably monodisperse. 
It must be noted that the DLS particle size only provides an estimation of the particle size 
range in the colloidal silica sol. Only the SEM particle diameters present an accurate measure of 
the particle size of the dry silica nanospheres after template extraction. 
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3.3.3. Determination of textural properties from nitrogen adsorption-desorption isotherms      
 Nitrogen adsorption-desorption experiments revealed Type IV isotherms for several 
samples. This is characteristic of mesoporous materials. Typical isotherms in Fig. 3.6 show that 
for samples with 20 wt. %  fructose or lower (F-20-ext, 0-ext) hysteresis loop is H1 type, which 
is associated with clusters of small uniform spheres, 54, 59-61 whereas it is H2 type for samples 
with greater fructose content. Pore diameters were determined from the adsorption branch of the 
isotherms using the maxima of the BJH pore size distribution plot (Fig. 3.7) as recommended by 
IUPAC 59. 
3.3.4. Effect of template content 
 As shown in Table 3.1, the TGA weight loss generally increases with increasing 
concentration (i.e., calculated wt. %) of template. This demonstrates the expected trend that the 
template content of the as–synthesized spheres is directly affected by the amount of template 
present in the reaction mixture, even though not all of it may enter the spheres and influence pore 
formation. The amount of template retained in the pore has a significant influence on the particle 
size. Both SEM and DLS confirm that increasing template content in the reaction mixture 
increases the particle size as illustrated in Fig. 3.8. 
 H1 hysteresis in the nitrogen adsorption–desorption isotherms of the particles with mean 
diameters less than 150 nm arises due to interstitial rather than internal pores since the interstices 
in these spheres are also in the mesopore range 58. Large pore diameters arising out of such 
interstitial cavities (textural pores) between small monodisperse spheres have been reported by 
other researchers 62, 63. This explains the rather high pore volume and pore diameters and yet low 
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surface areas in the samples with relatively low template content and small particle size. Samples 
with 30 wt. % fructose or more show a noticeable peak in the BJH pore size distribution plot 
(Fig. 3.7) indicating pores in the 2 to 3 nm range. These materials also show H2 hysteresis, 
suggesting mesoporosity. TEM micrographs of a crushed F-40-ext sample (Fig. 3.9) also reveal 
interconnected pores in the 2 to 4 nm range, lacking any orientation or ordering. The TEM 
images show very close agreement with previous results from nonsurfactant templated 
mesoporous materials 37, 38, whose pore diameters (studied by both low angle XRD and TEM) 
were found to lie in the same range. This evidence points toward a random network of 
interconnected wormhole–like pores. Increasing template content leads to an increase in the BET 
surface area (Fig. 3.10). This is, however, countered by increase in particle size of the spheres 
with increasing template content, which has the opposite effect on the surface area 64. Thus, 
while the sample prepared with 30 wt. % fructose (F-30-ext) has surface area of 358 m2/g, the 
sample with 40 wt. % fructose (F-40-ext) has 639 m2/g. In contrast, the sample with 50 wt. % 
fructose has a surface area of only 525 m2/g owing to the fact that its mean particle size is 
roughly twice that of F-40-ext (Table 3.1). 
3.3.5. Effect of template type 
 For the same concentration of template in the reaction mixture, glucose was incorporated 
to the least extent in the spheres, followed by maltose and then fructose (Table 3.1). F-40-ext 
with 40 wt. % fructose (0.038 M) had a mean particle size of 581 nm by SEM, whereas the 
sample with equal concentration of glucose showed only 155 nm. Thus, fructose produces much 
larger spheres than glucose. These effects may be related to the solubility of the template in 
ethanol. A highly soluble template can be incorporated into the spheres to a greater extent and 
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consequently may produce larger spheres. The solubilities of the three sugar templates in ethanol 
increase from glucose (0.0036 g/ g ethanol) to maltose (0.0174 g/ g ethanol) to fructose (0.035 g/ 
g ethanol) 65, 66.  
 Particles prepared with glucose showed a lower surface area than those with fructose but 
surface area still increases on moving from 30 wt. % glucose (G-30-ext) to 40 wt. % (G-40-ext). 
G-30-ext also shows H1 hysteresis while G-40-ext shows H2 hysteresis with contribution from 
H1 (Table 3.1). Solubility of the nonsurfactant sugar molecule in ethanol (as solvent) seems to be 
a key parameter that determines its effectiveness as a template.  
 Increasing the content of maltose from 30 wt. % (0.013 M) to 44 wt. % (0.024 M) only 
raises the SEM mean particle size from 90 to 96 nm (Table 3.1). On the other hand, the surface 
area increases from 332 to 468 m2/g. In addition, it was observed that the solution of maltose in 
TEOS–ethanol–water prior to the addition of ammonia was not as clear as in the case of glucose 
or fructose. Hence, increasing the concentration of maltose is not expected to result in a 
significant increment in particle size but a large increase in surface area can be expected. This is 
probably due to the larger molar mass of the disaccharide maltose compared to fructose. Such an 
effect may be exploited to control the surface area without significantly changing particle size.    
3.3.6. Mechanism of mesopore formation and increase in sphere diameter 
 We have previously observed that only molecules with highly polar functional groups 
serve as effective nonsurfactant templates for mesopore formation 39. This has led us to believe 
that mesophase formation is directed by strong polar interactions and hydrogen–bonding 
between aggregates or assemblies of nonsurfactant molecules and the inorganic species (e.g., 
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silicate intermediates) 39. The textural properties of nonsurfactant templated mesoporous 
materials closely resemble those of MSU–1 38. 
 Previous work on Stober silica suggests that particles are formed according to a 
nucleation–aggregation mechanism 67. While the mechanism of increase in sphere diameter with 
increasing fructose concentration is not completely understood at present, the sugar molecules 
are most likely involved in the aggregation step. It is possible that nucleated silicate species 
aggregate around assemblies of sugar molecules due to hydrogen–bonding, thereby resulting in 
the formation of larger spheres. 
3.3.7. Effect of heat treatment 
 The effect of high temperature calcination was examined by comparing the properties of 
2F-40-ext, where extraction with water was employed to remove the fructose template, against 
2F-40-cal where the as–synthesized sample was heated in air at 800 °C for 4 hours (Table 3.2). 
For comparison, a sample was also first extracted with water and then heated at 800 °C for 4 
hours (2F-40-ext+cal).  The TGA curves in Fig. 3.1 show that complete removal of organic 
species was accomplished at a temperature above 650 °C. However, a temperature of 800 °C was 
employed as this was observed to be the optimal heat treatment temperature for acid catalyzed 
sugar templated mesoporous silica monoliths for use as fillers in dental composites 68. Table 3.2 
clearly illustrates the drastic loss in surface area and pore volume that was incurred as a result of 
such high temperature calcinations, thereby suggesting that the mesoporous structure was 
completely destroyed. However, part of the surface area was retained if the template was 
extracted prior to the heat treatment. This observation was in agreement with data obtained for 
acid catalyzed mesoporous silica 68. In both cases mesoporosity was retained when the heat 
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treatment was carried out after template extraction 68. This is also consistent with the 
observations of Grudzien et al. 33, who carried out a similar study at 800 °C on block copolymer 
templated SBA–16 mesoporous silicas. The loss of surface area occurs because of the 
densification of the silica network above 800 ºC 11. However, particle size did not seem to be 
significantly affected by such a heat treatment. 
 
3.4. Conclusions 
 Stober silica nanoparticles with diameter in the range of 50 to 1140 nm were produced by 
simply increasing template concentration in a reaction mixture consisting of TEOS, NH3, H2O, 
ethanol and the nonsurfactant sugar templates. Spherical morphology and monodispersity were 
confirmed by SEM studies. Use of fructose as template resulted in a greater variation in particle 
sizes compared to glucose and maltose. Also, fructose and maltose affected a larger variation in 
surface area than glucose. It is speculated that the ability of a sugar template molecule to 
influence particle size as well as to direct pore formation is dependent on its solubility in the 
solvent (in this work, ethanol). It was also demonstrated that high temperature calcination 
drastically destroys the porous structure of the silica whereas extraction with solvent allows the 
structure to be retained.  
   One of the materials, 2F-40-cal, was used as a filler in an experimental dental composite 
and the results are discussed in Chapter 5. Surface functionalization of the mesoporous spheres 
with N,N’–bis(4’– 4 (3–triethoxysilylpropyl–ureido)phenyl)–1,4–quinonenediimine (TSUPQD) 
and N–(4–aminophenyl)–N’–(4’–(3–triethoxysilylpropyl–ureido)phenyl–1,4–quinonenediimine) 
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(ATQD) in the presence or absence of fluorescent dopants generated a series of multicolored 
spheres. A different colored powder was obtained for every particle size for each surface 
functionalization/dopant combination used. Further details regarding this collaborative work can 
be found in the PhD dissertation of Yi Guo 69. Such color variation can be exploited to prepare 
printing ink materials. 
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Table 3.1. Composition of the sol-gel mesoporous silica spheres as well as TGA weight lossb, particle size and standard deviation 
from SEM histograms and DLS measurements and textural properties from nitrogen adsorption-desorption experiments. 
 
 
Sample 
name  
 
Template 
 
Weight % 
template 
added a 
 
 
   
wt. % 
 
TGA 
weight 
loss b 
 
 
 
(%) 
 
Particle 
dia. by 
SEMc 
 
dSEM 
 
(nm) 
 
Particle size 
and Standard 
deviation by 
DLSd 
dDLS 
 
(nm) 
 
BET 
Surface 
Area 
 
SBET 
        
(m2/g) 
 
Pore 
vol.e 
 
 
Vp 
            
(cm3/g) 
 
BJH 
pore 
dia.f 
 
 
 
(nm)
 
Hysteresis 
Type 
 
Microporeg  
Area 
 
 
(m2/g) 
Volume 
 
 
(cm3/g) 
0-ext None 0 6 49 ± 6 66 ± 18 279 0.53  H1 145 0.081 
F-10-ext Fructose 10 8 75 ± 7 83 ± 27 272 0.50  H1 148 0.083 
F-20-ext Fructose 20 11 98 ± 10 122 ± 45 358 0.49  H1 254 0.142 
F-30-ext Fructose 30 18 218 ± 24 263 ± 79 491 0.38 2.7 H2 165 0.093 
F-40-ext Fructose 40 28 581 ± 23 795 ± 217 639 0.47 2.6 H2 155 0.088 
F-50-ext Fructose 50 38 1143 ± 134 1554 ± 459 525 0.42 2.7 H2 107 0.059 
2F-40-exth Fructose 40 29 617 ± 35 778 ± 196 592 0.42 3.3 H2 133 0.075 
G-30-ext Glucose 30 10.5 111 ± 10 130 ± 38 227 0.49  H1 86 0.049 
G-40-ext Glucose 40 15 155 ± 17 200 ± 66 341 0.36 2.7 H1,H2 142 0.080 
M-30-ext Maltose 30 19.5 90 ± 3 136 ± 39 332 0.53  H1 232 0.129 
M-44-ext Maltose 44 27.5 96 ± 8 158 ± 47 468 0.64  H1 140 0.078 
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a by calculation, assuming complete conversion of TEOS to SiO2  
b weight loss upon heating to 800°C after removing about 2.9 wt. % of moisture from all samples  
c after counting over 100 particles 
d determined from colloidal silica sol, before water extraction 
e Single point adsorption total pore volume at P/P0  ≈ 1 
f from maxima of BJH adsorption pore size distribution plot within 2-50 nm range (Fig. 3.7) 
g Determined by the t-plot method 
h F-40-ext scaled up by factor of 2, reaction performed in 1L beaker 
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Table 3.2. Effect of heat treatment on particle size, standard deviation (SEM histogram) and 
textural properties of 2F-40 (sample with 40 wt. % fructose). 
 
 
Sample 
dSEM 
 
 
(nm) 
Pore 
Volume 
 
(cm3/g) 
BET Surface 
Area 
 
(m2/g) 
2F-40-ext (Extracted with water) 617 ± 39 0.42 592 
2F-40-cal (Heated at 800°C, 4hrs) 562 ± 29 0.02 1 
2F-40-ext+cal (Extracted with water, then heated at 800°C, 4hrs) 590 ± 35 0.16 200 
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Fig. 3.1. Effect of ammonia and water concentrations on average particle size of Stober silica at 
constant  TEOS concentrations of a) 0.17M and b) 0.3M 4. 
 
 
 
 
 
 
 
a b
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Fig. 3.2. a) Effect of reaction time on average particle diameter at 25°C for 0.17 M TEOS, 1 M 
NH3, and water concentrations of ({) 3.8 M, (Δ) 6.8 M, and () 9.5 M 8 b) Effect of reaction 
temperature on average particle diameter 9. 
 
 
 
 
 
 
 
a b
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Fig. 3.3. TGA curves for Samples: 0-ext containing 0 wt. % fructose, extracted (0.000 M),; F-40-
ext containing 40 wt. %  fructose, extracted (0.038 M); F-30-ext containing 30 wt. % fructose, 
extracted (0.024 M); F-40-as containing 40 wt. %  fructose, as synthesized (0.038 M) and F-30-
as containing 30 wt. % fructose, as synthesized (0.024 M). 
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Fig. 3.4. SEM images of washed samples. a: F-10-ext containing 10 wt. %  fructose (0.006 M); 
b: F-40-ext containing 40 wt. %  fructose (0.038 M), c: F-40-ext higher magnification; d: M-30-
ext containing 30 wt. %  maltose (0.013 M). 
 
 
 
 
a b
c d
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Fig. 3.5. SEM histogram of F-40-ext (containing 40 wt. % fructose) after counting 179 particles.  
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Fig. 3.6. N2 adsorption-desorption isotherms of extracted samples at –196ºC. F-40-ext containing 
40 wt. % fructose (0.038 M), F-30-ext containing 30 wt. %  fructose (0.024 M), F-20-ext 
containing 20 wt. % fructose (0.014 M), 0-ext containing 0 wt. %  fructose (0.000 M). 
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Fig. 3.7. BJH pore size distributions obtained from adsorption branch of N2 adsorption-
desorption isotherm at  –196 ºC. 
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Fig. 3.8. Effect of increasing fructose content on average particle size obtained from SEM 
histograms. Inset: Mean particle size obtained from DLS of synthesis latex. 
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Fig. 3.9. a) TEM micrograph of a broken sphere of crushed F-40-ext (scale bar = 100 nm; the 
tube-like feature was from the sample holder). b) Zoomed–in image of a part of broken sphere 
revealing interconnected mesopores (scale bar = 20 nm). 
 
 
 
 
 
 
 
 
a                                                      b 
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Fig. 3.10. Effect of increasing fructose content on BET surface area of water-extracted samples. 
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Chapter 4: Protection of enzymes in harsh aqueous media via entrapment in mesoporous 
sol–gel matrices: single and double encapsulation   
 
4.1. Introduction 
 Enzyme–catalyzed reactions that occur at relatively mild conditions have become 
increasingly attractive owing to the lower energy costs and more environmental benefits 
associated with them. Immobilization of enzymes onto or into a solid substrate offers 
possibilities for reusability, improved reaction control, enhanced stability, better analytical 
precision as well as suitability for fabrication of a host of biosensor devices. Additionally, 
reactions involving water–insoluble and water–sensitive compounds can also be catalyzed with 
immobilized enzymes in non–aqueous solvents 1. This is not possible with free enzymes which 
are often denatured in organic media. Immobilization of enzymes, therefore, combines the 
benefits of enzymatic reactions with the unique advantages of heterogeneous catalysis, i.e., 
catalyst can be easily separated from the reactants and products. According to IUPAC, 
immobilized enzymes can be used in three distinct forms: 1) solid phase immobilized enzyme 
reactors in continuous flow techniques; 2) enzyme immobilized membranes in sensors like 
potentiometric electrodes and optical sensors; 3) solid enzyme films in disposable and dry 
reagent kits with photometric detection 2. 
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4.1.1. Enzyme immobilization in mesoporous materials: state of the art 
4.1.1.1. Adsorption of enzymes into the pores of mesoporous silica  
  The history of enzyme immobilization onto porous materials dates back to 1916 when 
Griffin and Nelson extracted invertase, a yeast enzyme and adsorbed it onto charcoal 3, 4. Among 
the first reports of enzyme immobilization in mesoporous materials is the work of Diaz and 
Balkus published in 1996 5. In this pioneering work, the enzyme (dissolved in buffer solution) 
was allowed to diffuse through the pores of MCM–41 after which the 4 nm pore openings were 
occluded (but not completely sealed) via silanation with 3–aminopropyltriethoxysilane. Final 
pore diameter was 1.2 nm. While cytochrome c (~ 3 nm diameter), papain (~ 3.6 nm) and trypsin 
(~ 3.8 nm) were loaded into the pores, the uptake of the larger horseradish peroxidase (HRP ~ 
4.6 nm) was negligible. This indicated that the molecular size of the enzyme governed its ability 
to pass through the mesopore. Without pore blocking, leaching of papain and trypsin was 
observed. Also, the silanation process may have denatured the immobilized trypsin, resulting in 
lower activity 1. The arrival of large pore SBA–15 (5 to 13 nm) and MCF mesocellular foam (15 
to 40 nm) materials has overcome the limitation of small pore sizes associated with MCM–41 
materials 6. The adsorption of enzymes into pores of mesoporous materials has been widely used 
for enzyme immobilization. Hudson et al. successfully adsorbed cytochrome c and xylanase onto 
SBA–15 (pure silica), as well as MSE (a periodic mesoporous organosilica), and observed SBA–
15 immobilized cytochrome c to have higher activity and lower leaching but also lower thermal 
stability compared to free enzyme 7. Sun et al. reported unusually fast enzyme uptake into the 13 
nm pore channels of a block copolymer templated mesoporous material prepared from a 
quadruple emulsion system 8. Yang et al. immobilized urease into mesoporous alumina 
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membranes 9. Chong and Zhao adsorbed penicillin acylase into the pores of SBA–15 
functionalized with several different organosilanes and observed improved properties with the 
functionalized materials in comparison to the pure silica SBA–15 10. This was explained on the 
basis of better surface hydrophobicity and electrostatic interaction of the surface with the 
enzyme. 
 Many exploratory studies have shown feasibility for potential applications. Takahashi et 
al. observed high stability and catalytic activity of HRP and subtilisin adsorbed on MCM–41 and 
FSM–16 silicas in organic solvents 11. Sotiropoulou et al. adsorbed the inherently unstable m-
AChE enzyme onto nanoporous silica and carbon matrices with low enzyme leaching and high 
stability, which are useful for biosensor applications 12. Recently Shimomura et al. immobilized 
choline oxidase in block copolymer (Pluronic F127) templated matrices with 12 nm pores which 
would have great potential for electrochemical biosensors 13. Also recently, lipase immobilized 
on aminopropyl grafted SBA–15 was successfully used as a biocatalyst in the esterification of 
citronellol with lauric acid 14.    
 Inspite of such progress, the issue of enzyme leaching remains a critical problem, as 
pointed out by Wang and Caruso 15. Also, the process of pore blocking via silanation after 
adsorption can lead to denaturation of certain enzymes as may have been the case with trypsin 
for Diaz and Balkus 1, 5. Covalent binding of lipase to silane functionalized MCM–41 material 
was found to be less active than lipase that was simply physically adsorbed onto MCM–41 16, 
which implies that it is difficult to retain the enzyme adsorbed into the pore channel. For this 
reason Wang and Caruso coated their enzyme immobilized silica spheres with a nanoscale 
polymer shell, which might solve the problem of enzyme leeching 15. It is apparent from these 
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observations that post–synthesis adsorption of enzyme into the pore channels of mesoporous 
materials has a number of drawbacks. 
4.1.1.2. Direct entrapment of enzyme within pores of mesoporous silica via sol–gel process 
 Enzymes can be entrapped into crosslinked metal oxide xerogel networks by adding the 
enzyme solution into the precursor sol and allowing gelation to occur with the protein within the 
microporous matrix 17. According to Avnir et al., with due consideration to the ability of 
alkoxides to react with the enzyme, it is rather remarkable that catalytic activity is actually 
retained during the sol–gel entrapment of enzymes 18.  In a 2002 review, Jin pointed out six 
requirements for a sol–gel encapsulated enzyme 19; 1) the method must be compatible with 
aqueous solutions, which is necessary for biomolecules; 2) polymerization should occur within 
the pH and ionic strength required for the protein to function; 3) the process must occur at or 
near room temperature; 4) pore size needs to be small enough to prevent leaching of enzyme but 
large enough to allow diffusion of substrate through the pores; 5) matrix material properties 
should be tunable to modify the internal environment to the optimum catalytic properties; 6) the 
final material should be optically transparent or electrically conductive to allow simple detection. 
As shown in Fig. 4.1, the biomolecules are added into the hydrolyzed solution of the precursors 
before the gelation step and the condensation process continues afterwards with the loss of 
volatiles and shrinkage of the matrix.  
 Yamanaka et al. reported the successful sol–gel encapsulation of glucose oxidase (GOD) 
in transparent glass matrices and concluded that while the enzyme was entrapped within the 
matrix, small molecules, such as glucose, could diffuse through the pores 20. Han et al. found that 
the activity of GOD was maximum when the gel was aged and dried at 4 ºC as opposed to room 
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temperature and also that the use of organo–functionalized silica actually resulted in a marginal 
decrease in activity as opposed to pure silica 21. Nguyen et al. also reported the immobilization of 
creatine kinase via entrapment in sol–gel silica matrices and observed an extraordinary increase 
in activity upon heating, which was explained based on the fact that the entrapped protein was 
unable to unfold within the pore, resulting in stabilization 22. Similar methods were used for the 
entrapment of lipase by Reetz et al. 23, cholinesterases by Altstein et al. 24 and cholesterol 
oxidase by Li et al. 25.    
 The nonsurfactant templated sol–gel method invented by our group was used for the in 
situ entrapment of HRP and GOD. It represents the first direct encapsulation of enzymes into 
sol–gel mesoporous materials where the enzyme entrapped within pores/channels created by a 
template can be accessed after solvent extraction of the template 26. The importance of the 
diameter of the pores/channels is paramount. While microporous hosts (typical pore diameter < 
1.5 nm) are characterized by slow diffusion rates of substrate and poor enzyme accessibility, 
macroporous hosts like hydrogels, on the other hand are affected by problems of enzyme leakage 
27. Fig. 4.2 illustrates this issue. Thus, mesoporous channels with diameters tunable in the 3 to 6 
nm range represent the optimum balance between poor substrate diffusion at one end and 
massive enzyme leaching at the other. It must be noted that the enzyme at this point has already 
been encapsulated within a cavity generated by the template, and the pore/channel diameter 
needs to be wide enough only to allow fast substrate diffusion and not enzyme adsorption 
through the pores (unlike the case with adsorption into mesoporous materials).  
 Alkaline phosphatase was successfully encapsulated in sol–gel mesoporous silica matrix 
with glucose as a nonsurfactant template 28. Acid phosphatase was also immobilized in a similar 
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manner, and it was observed that increasing glucose content increased the activity of the enzyme 
29. HRP and GOD were simultaneously immobilized into mesoporous matrices generated with 
TMOS and phenyltrimethoxysilane precursors and polyethyleneoxide based nonionic surfactants 
as template 30. Organophosphorous acid anhydrolase (OPAA), an enzyme capable of 
deactivating warfare agents like soman, sarin and tabun was also successfully immobilized in 
sol–gel mesoporous matrices using polyethyleneglycol (PEG) template 31, 32. The enzymes HRP 
and alpha glucosidase were also encapsulated in ormosil matrices via the glucose templated route 
33, 34. Patel also accomplished the fabrication of HRP encapsulated nanofibers 35. These results 
demonstrate the suitability and versatility of the nonsurfactant templated sol–gel process for the 
entrapment of enzymes without decreasing their activity.  
 This chapter discusses the entrapment of a proteolytic enzyme, i.e., savinase in fructose 
templated sol–gel silica and its stability in laundry detergents as well as in high pH buffers. A 
novel ‘double encapsulation’ approach is also presented. 
4.1.2. Enzymes in detergent applications  
 Enzymes have been a part of laundry detergent formulations since the 1960s 36. The 
purpose for introducing enzymes is that they can replace other harmful chemicals and 
circumvent the need for high temperature washing, thereby saving energy. Furthermore, they do 
not threaten to pose any undesirable effect on the environment. Enzymes are also particularly 
effective in removing certain dried stains. A report by Kumar et al. shows that detergent 
applications account for 28 % of the global enzyme market 37. According to Smulders, an 
enzyme used in a detergent must possess maximum activity at alkaline pH; be stable up to wash 
temperatures of 60 ºC; be capable of actively degrading a variety of stain substrates, starches and 
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triglycerides (broad/ low specificity) and also retain its stability in the presence of surfactants, 
bleaches and other detergent ingredients 38. Amylases are added to catalyze degradation of 
amylose and amylopectin fractions of starch via cleavage of the α–1,4–glycosidic bond. Lipases 
are present as they can remove triglyceride–based fatty stains, whereas cellulases can degrade 
damaged cellulose fibrils which become amorphous. Proteases, such as savinase are the most 
extensively used enzymes in laundry detergents 38, 39. Their function is to remove protein– 
containing residues, such as blood, egg, grass, sweat, etc., via hydrolysis of the peptide bond that 
links amino acids. A vast number of wild type and protein–engineered proteases, like Savinase®, 
Esperase®, Ovozyme®, Maxatase™, Purafect™, etc., have been developed for laundry detergent 
applications 39. 
 It must be noted that in laundry detergents the enzyme has to adsorb onto to soiled cloth 
and remove the stain (substrate). Duinhoven examined the adsorption characteristics of savinase 
on various surfaces and concluded that the enzyme adsorbed as a sphere did not show unfolding 
upon adsorption 40. Kumar et al. also pointed out that while proteolytic and autolytic degradation 
occurs both during storage and opening, storage stability is the prime concern of detergent 
manufacturers 37. The unfolding of the polypeptide chain via the breakdown of the delicate non–
covalent bonds is the primary cause for loss of enzyme activity. Various stabilizers such as 
calcium salts, sodium formate and polyhydric alcohols, as well as protein engineering 
approaches are used to stabilize enzymes in the high pH environment of detergents 37.  
 The use of free enzymes (in raw state) in detergents has two significant drawbacks. 
Firstly, proteases in their free state have been known to cause irritation to skin, eyes and 
respiratory tract 41, 42. Secondly, in liquid detergent compositions, action of cationic surfactants, 
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high pH, bleach and even water tend to deactivate the enzymes 43-46. Both of these drawbacks 
could be overcome by the use of encapsulated enzymes. Lykke et al. patented one such method 
of applying encapsulated enzymes in detergents with storage stability and the possibility of rapid 
release 47. Several other such encapsulation techniques have been developed 46, 48, 49.  
4.1.3. Savinase: nature of the enzyme 
 Savinase is a member of the subtilisin superfamily of proteases that are popularly used in 
detergent applications (Table 4.1) 50. Savinase® is secreted by the alkalophilic bacterium Bacillus 
lentus and is stable in the pH 7 to 10 range with activity in the pH 8 to 12 range 51. Betzel et al. 
attributed the activity of savinase at alkaline pH and its high thermal stability to the sum of 
numerous weak interactions. They concluded that the unusual conformation of the structure 
around the cis Pro168 near the active site contributes to the stability of the enzyme 52. Duinhoven 
et al. described savinase as a globular protein (spherical shape) of molecular weight ~ 27 kDa 
and a radius of 2.3 nm 53. They explained its high thermal stability based on the large number of 
internal salt bridges and also stated that the enzyme can sequester two calcium ions into a strong 
and a weak binding site, respectively.     
4.1.4. Strategy for protection and release 
 Encapsulation of enzymes for detergent applications is significantly different from 
encapsulation for traditional catalytic and biosensor applications that have been discussed earlier 
with nonsurfactant templated sol–gel immobilization (Section 4.1.1.2) on four accounts:  
i) the encapsulated enzyme needs to be stable under adverse conditions of high pH, 
surfactants, bleaches, etc., for extended period of time (a month or longer);  
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ii) unlike other applications, the enzyme is required to come out of the pore channel and 
interact with the substrate, which is immobilized in the form of a stain on the cloth. Thus, the 
leakage of the enzyme, which is detrimental to other applications is actually the principle of 
working in this case; 
iii) release of enzyme from pores has to be triggered and cannot occur by slow diffusion out 
of the pore. Once the triggering mechanism is activated, the entire content (payload) of 
enzyme should rapidly exit the pores of the mesoporous silica; 
iv) one has to consider that commercial laundry detergents are aqueous dispersions and that 
the large amount of water may either trigger premature enzyme release or may enter through 
the pores of the mesoporous matrix and come in contact with the enzyme and denature it 
(since pH is high).       
 The first point (i), of enhanced stability, under high pH is addressed, at least 
hypothetically, by the fact that enzyme unfolding within mesopores is limited due to the effect of 
confined space 54. The second (ii), of enzyme release from the pore, necessitates that the 
diameters of the pore channels be larger than that of the enzyme. The third question (iii), of 
triggered release, is extremely challenging. It can be approached by three routes, all of which 
require coating of the enzyme encapsulated, template containing mesoporous silica with a 
material that has a specific release property. In the first approach the coating can be a polymer or 
polyelectrolyte that is insoluble in high pH but soluble at a neutral or slightly basic pH. In this 
case the release would be triggered by the change in pH when the liquid detergent (with enzyme 
encapsulate) is poured into the wash. The second approach calls for coating with a thermally 
sensitive material that is stable at room temperature but breaks down and becomes water–soluble 
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at higher temperatures. The triggering mechanism in this case is heat, since the encapsulation 
system is at room temperature in the detergent bottle but meets warm (or hot) water in the wash. 
In the third approach, the coating can be a material that is only sparingly soluble in water. The 
large dilution and change in viscosity from the laundry detergent bottle to the wash water is the 
triggering mechanism in this case.  
 The first case with a pH–sensitive coating was not applied in our study since no such 
commercial polymer could be found and custom synthesis would be uneconomical. The 
difficulty with the thermally triggered release approach was due to a move toward washing 
clothes in cold water to conserve energy and also because certain garments are damaged by hot 
water treatment. Therefore, the third approach of employing dilution as a triggering mechanism 
was employed in this research. This method of coating the enzyme and template containing sol–
gel mesoporous encapsulates with a polymer coating that degraded upon dilution was termed the 
‘double encapsulation approach’ and the results from this invention are described in the 
following sections. 
  
4.2. Experimental section 
4.2.1. Materials 
 Tetraethylorthosilicate (TEOS), 98 % (cat.# 131903 ); D-(–)-fructose, 99 % (cat.# 
F0127); triethyleneglycol dimethacrylate (TEGDMA), 95 % (cat.# 261548); camphorquinone 
(CQ), 97 % (cat.# 124893); N–phenylglycine (NPG), 97 % (cat.# 330469); polyethylene glycol 
(PEG), Mn = 4,600 (cat.# 373001); azocaesin (cat.# A2765); urea, 99.5 % (cat.# U1250); 
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trishydroxymethyl aminomethane (Trizma base), >99 % (cat.# T1378) and trichloroacetic acid 
(TCA) >99 % (cat.# T6399) were purchased from Aldrich. Savinase® concentrate (lot # PPA-
26291) was provided by Novozymes Ltd. Purex™ Original fresh Aroma Fresco with Pure Clean 
Technology (UPC # 2420004820) was purchased from a local grocery store and Purex™ Free & 
Clear was provided by Novozymes Ltd. A buffer solution of saturated calcium hydroxide, pH 
12.454 (cat.# S11M008), was purchased from Radiometer Analytical. All reagents were used 
without further purification.     
4.2.2. Preparation of savinase encapsulated mesoporous silica powders 
 The savinase containing mesoporous sol–gel silicas were produced by addition of a 
savinase solution (in buffer) into a template containing sol, which was prepared by acid–
catalyzed hydrolysis of a solution of TEOS: H2O: HCl = 1:2:0.005 (mol). In a typical procedure 
for the preparation of 70 % fructose templated savinase containing gel, a pre–weighed 250 mL 
two neck round bottom flask equipped with a magnetic stirring bar and thermometer was charged 
with 9.0 g (0.5 mol) distilled H2O and 0.63 g 2M HCl and the mixture was stirred for ~1 minute. 
52 g (0.25 mol) TEOS was then added over 2 minutes into the reactor under moderate stirring 
(care was taken to avoid splashing on walls). 52 g of TEOS generates 15 g SiO2 (assuming 
complete hydrolysis and condensation of the ethoxy groups and water, respectively). After TEOS 
addition, the reactor was maintained under a nitrogen purge. The mixture became clear within 15 
minutes and the temperature increased to 33 ºC. The solution first became cloudy again for an 
instant and then again homogenized and became completely clear once a temperature of 60 ºC 
was reached. At this point, heating was initiated and the solution was heated at 60 ºC for 1 hour 
under nitrogen, after which it was allowed to cool to room temperature. Upon reaching room 
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temperature, vacuum was applied to remove the ethanol byproduct formed during the hydrolysis 
step. After evaporating half of the original mass of the flask contents under vacuum, 70 g of a 
pre–made 50 % aqueous fructose solution (containing 35 g fructose) was charged into the flask 
under stirring. The cloudy solution, containing a plethora of bubbles, was subjected to a 
combination of ultrasonic degassing and stirring after which the bubbles were removed. The 
clear solution thus afforded was the 70 % fructose containing pre–hydrolyzed sol. 
 5.4 g of a 50 % solution of savinase concentrate in 0.2M Trizma base buffer (pH = 8.5) 
was placed in a pre–weighed 100 mL beaker, under stirring in an ice bath. A third of the mass of 
pre–hydrolyzed, template–containing sol in the flask (expected to generate 5 g SiO2 upon 
completion of sol–gel reactions) was added to this enzyme solution in the beaker under stirring. 
The mixture was stirred for 5 minutes after which the stir bar was removed from the transparent 
solution and the beaker was covered with a parafilm with ~ 15 pin holes. The beaker was then 
placed in a 3 ºC refrigerator and the solution gelled within 30 minutes. The beaker containing the 
light yellow, transparent gel was then placed under vacuum in a dessicator that was maintained at 
3 to 6 ºC inside a thermo coal box with freeze packs. Vacuum drying evaporates ethanol and 
water formed as a byproduct of any hydrolysis and condensation that may occur after gelation. 
The gel was maintained in this state until the mass of the beaker contents reached close to 19.4 g 
(2.7 g savinase concentrate + 5 g SiO2 + 11.7 g fructose). Depending on the efficiency of the 
vacuum pump, the drying process could take upto 30 days. The transparent, light yellow colored, 
somewhat hard, monolithic bio–glasses thus obtained were then crushed with a mortar and pestle 
and passed through a 40–mesh screen. The fine, white powder thus afforded was the enzyme 
containing mesoporous silica, loaded with 70 wt. % fructose template and will be referred to as 
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the ‘single encapsulated’ sample. Samples were stored in the refrigerator at~ 5 ºC for future 
experiments. 
 The maximum template loading that was achievable in this manner was 70 wt. % 
fructose. Addition of any more fructose into the pre–hydrolyzed sol–gel led to a cloudy solution 
that did not clear up even after extensive stirring and sonication.                     
4.2.3. ‘Double encapsulation’ of savinase encapsulated mesoporous silica powders 
 The savinase and fructose containing mesoporous silica was coated with a layer of acrylic 
polymer that was sparingly soluble in water to prepare double encapsulated savinase containing 
powders. In this process, 0.5 wt. % CQ and 0.3 wt. % NPG photoinitiators were blended into 
TEGDMA to afford a transparent, golden solution. To prepare a 10 wt. % PEG containing 
TEGDMA/PEG polyacrylate coating, 1 part of PEG (Mn = 4600) was added into 9 parts of the 
photoinitiator containing TEGDMA solution, and the mixture was sonicated until the PEG 
dissolved completely. The sonication process was allowed to proceed in dark to avoid 
photopolymerization and care was taken to avoid raising the temperature of the bath water above 
40 ºC to avoid any possibility of thermal polymerization, since the solution contained free–
radical initiators (CQ and NPG). Upon complete dissolution of PEG, this photoinitiator 
containing TEGDMA/PEG solution was mixed in 1:1 wt. ratio with enzyme and fructose 
containing single encapsulated silica sample described in Section 4.2.2. The mixing was done 
manually for ~ 2 min in a glass vial, using a flat spatula. The suspension formed was then 
smeared as a uniform, thin layer (thickness < 3 mm) onto a microscope slide, and then the slide 
was placed inside an LED Curedome light curing unit at full intensity for 1 minute. The rubbery 
composite produced was scraped off the slide and crushed with a mortar and pestle to produce a 
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highly coarse powder, which was again spread on the microscope slide and photocured for 1 
minute. This process of photocuring for 1 minute followed by crushing was repeated until the 
composite had been photocured for a total of 4 minutes. The final powder was crushed again and 
passed through a 30–mesh sieve to afford a somewhat coarse powder with a slight yellow color. 
This was the ‘double encapsulated’ savinase–containing powder. The sample was stored in a 
refrigerator at ~ 5 ºC for further experiments.     
4.2.4. Characterization of savinase encapsulated mesoporous silica powders 
 Nitrogen adsorption–desorption measurements were performed on an ASAP 2010 surface 
area and pore size analyzer instrument (Micromeritics Inc., Norcross, GA) at –196 ºC (liquid 
nitrogen). Fructose and savinase were extracted from the single encapsulated samples by 
washing with a large excess of distilled water after which the mesoporous powders were dried 
overnight at 40 ºC in a vacuum oven. The dry powders were degassed overnight at 100 ºC before 
analysis. Surface area and pore size were calculated using the Micromeritics software. TGA 
weight loss studies on the as–synthesized single encapsulated samples were performed on a TA 
Q50 Thermogravimetric Analyzer (TA Instruments Inc., New Castle, DE). Samples were heated 
to 800 ºC at 20 ºC/min in air. 
4.2.5. Assays for determination of enzymatic activity 
4.2.5.1. Assay procedure 
 All reagent solutions in the assay were prepared in accordance with Novozymes 2004-
110706-01 55. Thus, 1 mL of enzyme solution (Section 4.2.5.2) was transferred to a 16 x 150 mm 
test tube and equilibrated to 40 ºC in a water bath for ~ 1 minute. 100 mL of azocaesin substrate 
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solution was prepared by dissolving 0.6 g of azocaesin in 10 mL of 50 % (wt./vol.) aqueous urea 
solution, and then adding 10 mL of 2 M Tris buffer and adjusting volume to 100 mL with dI 
water (pH adjusted to 8.5 using dil. H2SO4).  Azocaesin substrate solution (5 mL) was then 
added into the equilibrated enzyme solution, vortexed and returned to the 40 ºC water bath for 
exactly 30 minutes. 5 mL of 10 % TCA solution (stop reagent) 55 was then added to stop the 
reaction following which the test tube was vortexed and allowed to stand at room temperature. 
After 15 minutes the contents of the test tube were filtered through a Fisherbrand P8 filter paper, 
using gravity filtration, into a new 25 x 52 mm disposable glass vial to give a transparent, yellow 
filtrate. If the filtrate appeared cloudy, filtration was repeated until a transparent filtrate was 
obtained.  
 The absorbance of the filtrate was read at a wavelength of 390 nm vs. distilled water 
using a Perkin Elmer Lambda2 UV-Vis instrument. This absorbance is reported as A390 values. 
4.2.5.2. Enzyme solutions 
a) Free savinase in liquid state (as Reference): 30 mg savinase concentrate was diluted with 50 
mL distilled H2O in a 100 mL Erlenmeyer flask to prepare the enzyme solution. Its A390 value 
was found to be 1.77 (average of 5 readings). This absorbance was taken as 100 % enzyme 
activity.  
b) Dry powder (encapsulated savinase): An amount of powdered sample that contained 30 mg 
savinase concentrate (assuming homogeneous distribution of enzyme) was accurately weighed 
and placed in a 100 mL Erlenmeyer flask. 50 mL distilled H2O was then added and the flask was 
sealed with parafilm and sonicated for 20 minutes in Branson 2510 sonicator. The water 
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temperature may rise from room temperature to ~ 35 ºC during sonication. This suspension was 
filtered through a Fisherbrand P8 filter paper using gravity filtration into another clean 100 mL 
Erlenmeyer flask. The filtrate thus produced was the enzyme solution.  
c) Powders in liquid media for time study (encapsulated savinase in liquid media): An amount of 
powdered sample that contained 30 mg savinase concentrate was accurately weighed and 
transferred into a 15 mL Falcon tube with a plastic screw cap. 5 g of the liquid media in which 
stability was to be tested (e.g., Purex™, pH buffer, etc.) was added into the tube, which was then 
sealed tightly and placed on a Blood Rocker (Lab-Line Maxi Rotor) for the duration of the study. 
This corresponded to an overall loading of 0.6 % w/w of savinase concentrate in the media under 
study. 
 Upon completion of the desired time period, the contents of the Falcon tube were poured 
into a 100 mL Erlenmeyer flask. The Falcon tube was then rinsed with 50 mL distilled H2O, 10 
mL at a time (to collect any sample sticking to the tube). The contents were poured into the 
Erlenmeyer flask, resulting in a diluted suspension of enzyme encapsulated and the liquid media. 
The Erlenmeyer flask was sonicated for 20 minutes as in the previous case, after which it was 
filtered through a Fisherbrand P8 filter paper using gravity filtration, into another clean 100 mL 
Erlenmeyer flask. The filtrate thus produced was the enzyme solution.   
4.2.6. Sample nomenclature 
Single encapsulated samples:   
  F0: 1 g sample  ≡ 0.35 g Sav.+ 0.65 g SiO2 + 0 g fruct. Ö 30 mg Sav. ≡ 0.09 g sample 
F30: 1 g sample ≡ 0.27 g Sav. + 0.51 g SiO2 + 0.22 g fruct. Ö 30 mg Sav. ≡ 0.11 g sample 
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F50: 1 g sample ≡ 0.21 g Sav. + 0.39 g SiO2 + 0.39 g fruct. Ö 30 mg Sav ≡ 0.14 g sample 
F70: 1 g sample ≡ 0.14 g Sav. + 0.26 g SiO2 + 0.60 g fruct. Ö 30 mg Sav ≡ 0.22 g sample 
Sav. = savinase concentrate; fruct. = fructose (F) 
Double encapsulated samples: 
All ratios are on wt./wt. basis 
FX TEGDMA/PEG-10 Ö 1:1 mixture of single encapsulated powder (FX) with 
photopolymerized TEGDMA/PEG coating where TEGDMA: PEG ratio = 9:1 
FX TEGDMA/PEG-5 Ö same as above but with TEGDMA: PEG ratio = 95:5 
FX TEGDMA/PEG-1 Ö same as above but with TEGDMA: PEG ratio = 99:1 
FX Bis-GMA-TEGDMA/PEG-10 Ö 1:1 mixture of single encapsulated powder (FX) with 
photopolymerized Bis-GMA/TEGDMA/PEG coating where Bis-GMA:TEGDMA: PEG ratio = 
4.5:4.5:1 
X = wt. % fructose loading: 0, 30, 50 or 70 wt. % 
 
4.3. Results and discussion 
4.3.1. Verification of mesoporosity 
 The TGA weight losses of the as–synthesized single encapsulated powders are provided 
in Table 4.2 and in Fig. 4.3. All the samples show weight loss values that are in proportion to the 
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original template content. It is also clear that the two samples with greater fructose loading (F50 
and F70) show a weight loss that is very close to the targeted fructose loading whereas F0 with 
no fructose shows an unexpected weight loss of about 20 %. This is similar to the observations 
with mesoporous zirconia in Chapter 2 and can be explained by the hypothesis that the template 
tends to exclude the alcohol from the pores in the bulk to the surface of the gel (Section 2.3.1.3). 
Nevertheless, the TGA weight loss data confirm the inclusion of template within the silica 
matrix. 
 The textural properties of the powders (after extraction with water) are listed in Table 4.2 
and the nitrogen adsorption–desorption isotherms and BJH pore size distribution plots are 
presented in Fig. 4.4 and Fig.4.5 respectively. While all four materials show type IV isotherms 
with H2 hysteresis loops in Fig. 4.4, the hysteresis loops in F30, F50 and F70 are much more 
prominent than the loop for F0, which has some limited type II character. However, it is possible 
that the presence of water, enzyme and alcohol within the silica matrix makes F0 partly 
mesoporous, even in the absence of fructose. This is also evidenced in the BJH pore size 
distribution plot (Fig. 4.5), where the peak maxima for F30, F50 and F70 are much more 
pronounced. The peak maxima in the BJH plots were used to determine pore diameter. 
Increasing template content from 0 to 70 wt. % led to a linear increase surface area (Fig. 4.6) 
however, pore diameter did not change significantly. Pore volume increased from F0 to F30 and 
from F30 to F50 but not from F50 to F70. This indicates that the addition of fructose increased 
the amount of pores/channels, making the material more porous without significantly increasing 
the pore diameter.  
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 The textural properties of the water–extracted single encapsulated powders clearly 
indicate mesoporosity. Thus, the fructose did act as a pore forming agent for the pre–hydrolyzed 
sol. Consequently, the enzyme solution, which was also added prior to gelation would have been 
distributed uniformly throughout the pre–hydrolyzed sol/ fructose/ water mixture.   
4.3.2. Confirmation of double encapsulation 
 The amount of acrylic coating on the enzyme encapsulated powders was tested by 
studying the TGA weight losses of the double encapsulated samples. The targeted ratio of acrylic 
coating was 50 %, i.e., 1 part of coating to 1 part of single encapsulated powder. The residual 
SiO2 contents from Fig. 4.7 need to be compared with that from the corresponding single 
encapsulated sample in Fig 4.3. Thus, comparing the residual SiO2 content of ~ 13 % from F70 
TEGDMA/PEG (Fig. 4.7) with ~ 28 % from the single encapsulated F70 sample (Fig. 4.3), it is 
obvious that the 50 % targeted coating ratio was achieved in this case. Similarly, it can be seen 
that for the F50 TEGDMA/PEG and F30 TEGDMA/PEG samples, the organic coating slightly 
exceeded the 50 % target (since residual SiO2 content in Fig. 4.7 was slightly under 50 % of that 
in Fig. 4.3). It must be noted that the samples were preheated at 100 ºC for 5 min to avoid errors 
due to presence of moisture on the surface of the sample. However, a small amount of moisture 
is unavoidable while weighing the sample for analysis of enzyme activity, where heating to 
remove moisture is not feasible, as it is likely to cause enzyme degradation. 
4.3.3. Activity evaluation 
 The procedure for conducting the enzyme activity assays is described in Section 4.2.5. 
Table 4.3 provides the activity data of the single and double enzyme encapsulated dry powders 
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(not immersed in liquid media). The absorbance at 390 nm from free savinase was marked to 
have activity of 100 %, and the activity of all other samples was calculated as a percentage with 
respect to that value. It must be noted that the encapsulates were diluted in water via sonication 
and then filtered to provide the enzyme solution for the assay. Thus, the savinase in the enzyme 
solution is exclusively representative of the enzyme which was successfully released from the 
pores into the solution due to dilution and sonication. Any active savinase that was still 
entrapped within the pores (did not get released) was excluded by filtration and was not 
considered for activity evaluation. Such a technique was employed keeping in mind the 
requirements mentioned in Section 4.1.4.  
 It is clear that for the single encapsulated samples, the activity increases as a function of 
the fructose content. Fig. 4.8 illustrates this trend. The F0 samples, while porous due to presence 
of residual water and alcohol, did not possess any template–induced porosity. The absence of 
interconnected pores would prevent the enzyme from being released into the solution and 
interacting with the substrate. Looking at the plot of enzyme activity vs. fructose loading in Fig. 
4.8 in conjunction with surface area vs. fructose loading in Fig. 4.6, it is easy to imagine that 
increasing the fructose content opens up more and more pores/channels for the enzyme to be 
released. Therefore, it is natural that F70 should show an activity as high as 75 % of the free 
enzyme. However, this may not be the only factor that is in play in this case. It is well known 
that the hydrolysis and condensation steps continue to occur, albeit at slower rates, well after the 
gelation step 56. The hydrolysis of residual ethoxy groups from TEOS generates ethanol. In F0, 
the enzyme is directly entrapped within the silica matrix and ethanol generated from the pore 
wall comes into contact with the enzyme rather easily, thereby denaturing it. In contrast, in the 
case of F70, statistically, a very large volume of fructose is present between the enzyme and the 
187 
 
siliceous pore wall. This fructose shields the enzyme from being attacked by the ethanol 
generated from the matrix and thereby results in higher activity. This protection due to fructose 
may be responsible for the activity of single encapsulated samples increasing with fructose 
content.   
 The application of the acrylic coating (TEGDMA/ PEG) does not appear to significantly 
decrease the activity of the enzyme. However, the standard deviation seems to indicate that the 
enzyme is not very uniformly distributed in the pores (Table 4.3). To counter this problem, every 
observation reported was taken as the average of three or more readings. 
4.3.4. Double encapsulation: principle of working 
 As illustrated in Fig. 4.9, the double encapsulated samples consist of a savinase loaded, 
fructose templated silica matrix, with a coating comprising of a mixture of a crosslinkable acrylic 
polymer and polyethylene glycol (PEG) on the surface. Acrylic polymers are known to have high 
alkali resistance on account of the fact that the alkali–susceptible C–O bond lies on the main 
chain and is sterically protected, which enables a variety of high pH applications, particularly in 
acrylic paints 57, 58. The choice of a crosslinkable acrylate polymer (generated from a difunctional 
acrylic monomer, TEGDMA) was made based on the fact that a crosslinked polymer is 
insoluble. Therefore, the acrylic coating protects the enzyme–loaded, fructose–templated porous 
silica matrix. An added benefit of TEGDMA is that it is transparent to light and therefore easily 
photopolymerizable. Thermal polymerization is not feasible since high temperatures may 
denature the enzyme. The presence of PEG in the outer acrylic layer acts as a ‘secondary 
template’ or ‘binder’ and is responsible for the triggered release. The PEG binds the outer acrylic 
layer together while the encapsulate is immersed in the detergent (or aqueous media). The use of 
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relatively high molecular weight PEG (Mn = 4600) ensures that it is only sparingly soluble in 
water. Thus, the water present in the detergent (or surrounding alkaline media) is insufficient to 
dissolve the PEG present in the acrylic coating. However, upon extensive dilution and agitation, 
the PEG does dissolve away. The dissolution of the PEG binder breaks apart the rest of the outer 
acrylic coating. At this point, the fructose templated silica matrix is exposed to the highly diluted 
aqueous environment, which dissolves the fructose rapidly and allows the release of the enzyme 
from the pore.  
 It should be noted that the second coating (double encapsulation) is only designed to 
provide added protection to the single encapsulated sample in liquid media. It cannot increase the 
activity of a sample if the activity of the single encapsulated sample is initially low. Therefore, it 
can be seen from Table 4.3 that none of the double encapsulated samples have significantly 
higher activity than the single encapsulates. The cases where the double encapsulated samples do 
show higher initial activity in the dry powder (Table 4.3) arise due to sampling issues as a result 
of irregular enzyme distribution or possibly lower than 50 % acrylic coating. However, these 
differences are no more than 5 % and should be neglected.  
4.3.5. Stabilization of encapsulates in Purex™ Original fresh Aroma Fresco with Pure Clean 
Technology 
 Purex™ Original fresh Aroma Fresco with Pure Clean Technology was used as an 
example of a common household liquid laundry detergent. The pH of the detergent was 
determined to be 10.8 using a pH meter and the density was noted as 1.03 g/mL, which is within 
the pH range of 10.1 to 11.1 and specific gravity range of 1.04 to 1.065 (25 ºC) 59 for this 
detergent. The single and double encapsulated samples as well as the free savinase were added to 
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5 g of the detergent in a falcon tube and subjected to agitation via rocking action as explained in 
Section 4.2.5.2.c. Residual enzymatic activity was evaluated after 1, 2 and 4 weeks. From a 
commercial standpoint, it is important that the enzyme retains at least 60 % of its activity after 4 
weeks of immersion in the detergent. This is the expected duration of the time gap between 
manufacture and sale to the consumer of the detergent. 
 The results of these time studies are tabulated in Table 4.4 and the plot of % residual 
activity vs. time is provided in Fig. 4.10. The free enzyme loses 80 % of its activity within a 
week and is almost totally deactivated in two weeks. F0 and F30, with low initial activities, 
continue this trend throughout the study period. As for the single encapsulated samples F50 and 
F70, there is a drastic drop in activity within the first week in detergent. The remaining activity 
after 1 week is 46 % for F70, which, happens to be the highest out of the single encapsulated 
samples. However, this is reduced to a mere 22 % after 4 weeks. Hence, it can be concluded that 
while stability in detergent increases with increasing fructose content, the single encapsulated 
sample does not remain stable in detergent after 4 weeks. 
 With this knowledge, the F50 and F70 encapsulates were double encapsulated with two 
different acrylic compositions, both of which comprised of 1 part of PEG dispersed in 9 parts of 
acrylic monomer prior to polymerization. In the case of the FX TEGDMA/PEG-10 samples, only 
TEGDMA was used as the acrylic component. For the FX Bis-GMA-TEGDMA/PEG-10 
samples, the acrylic component comprised of a 50:50 (wt.) mixture of bis-GMA and TEGDMA. 
While TEGDMA is a lower viscosity monomer that polymerizes into a more flexible crosslinked 
polymer, bis-GMA is a highly viscous monomer with rigid bisphenol–A units (Scheme 4.1). 
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When mixed with TEGDMA in a 50/50 ratio, it produces a highly rigid crosslinked polymer, 
commonly employed in dental restorations 60, 61. 
 
Scheme 4.1. Structures of bis-GMA and TEGDMA. 
 Fig. 4.10 clearly shows that all the double encapsulated samples show a much higher 
residual activity after 1 week in detergent. However, for the F50 TEGDMA/PEG-10 and F70 
Bis-GMA-TEGDMA/PEG-10 samples, the residual activity decreases significantly during the 
second week, making these formulations unfeasible for this application. However, F70 
TEGDMA/PEG-10 retains about 70 % of its activity after two weeks and as much as 61 % after 
4 weeks in detergent (Table 4.4). This was therefore found to be the best formulation to retain 
the stability of savinase in detergent after 4 weeks. The reason that the bis-GMA-TEGDMA 
double coating is not as effective for the same fructose content is possibly due to the highly rigid 
coating that is generated in this case. Due to high monomer viscosity and formation of a rigid 
network, the coverage of the second coating is likely to be less uniform, resulting in greater 
amount of exposed surface. Lower degree of cure is also expected in such a scenario. It is highly 
possible that there are enough pores/channels that are not covered by acrylic coating in the bis-
GMA-TEGDMA case, which results in poorer stabilization. The flexible network and lower 
viscosity of TEGDMA offers a more uniform coating and better degree of cure as well as a more 
uniform dispersion of PEG in the monomer stage. The resultant polymer coating is more 
uniform, which could explain the enhanced stability in detergent.  
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4.3.6. Double encapsulation: effect of PEG content 
 While double encapsulation certainly improves the stability of the savinase encapsulates 
in Purex™ Original fresh Aroma Fresco with Pure Clean Technology, there was a further need to 
optimize the formulation. This was due to the fact that another type of detergent from the same 
company, Purex™ Free & Clear was shown to deactivate even the F70 TEGDMA/PEG-10 
double encapsulated sample and bring its residual activity down to a mere 38 % in 2 weeks. The 
results are tabulated in Table 4.5 and plotted in Fig 4.11. It was speculated that the PEG in the 
double encapsulation was being dissolved by this detergent. To counter this problem, the PEG 
content of the double encapsulated samples was lowered. Fig. 4.11 shows that the samples with 5 
% PEG (5 parts of PEG to 95 parts of TEGDMA) and 1 % PEG (1 part PEG to 99 parts of 
TEGDMA) in the outer coating offered improved stability compared to 10 % PEG samples. This 
trend is true in both detergents wherein the samples were tested, i.e., Purex™ Free & Clear as 
well as Purex™ Original fresh Aroma Fresco with Pure Clean Technology. F70 TEGDMA/PEG-
1 showed a residual activity of 71 % after two weeks in Purex™ Free & Clear and proved to be 
the best formulation for stabilizing savinase in both detergents. These trends show that 
decreasing the PEG content of the double encapsulated sample improves stability of savinase 
encapsulates in detergents. However, contrary to expectation, reducing the PEG content does not 
significantly affect the release of savinase. Initial activity values of the dry powders (i.e., samples 
which were not immersed in detergent or any other harsh media) of F70 TEGDMA/PEG-1 (1 % 
PEG), F70 TEGDMA/PEG-5 (5 % PEG) and F70 TEGDMA/PEG-1 (10 % PEG) in Table 4.3 do 
not show any significant difference.   
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4.3.7. Stabilization of encapsulates in pH 12.45 buffer 
 An objective of this research was to find a general method of improving the stability of 
savinase not only in detergents but also in other alkaline media. To carry out this study, single 
and double encapsulated samples were immersed into 5 g of a buffer of pH 12.45. The viscosity 
of the pH 12.45 buffer was significantly lower than the detergents and the water content was ~ 
98.5 % (water content of the Purex™ detergents was ~ 90 %). Thus, 1 % PEG samples were 
chosen as the double encapsulated samples under study. The results are presented in Table 4.6 
and % residual activity vs. time is plotted in Fig. 4.12.  The free enzyme again loses most of its 
activity within the first week. Also F0 with a low initial activity continues this trend. The activity 
of F30 actually increases after the first week, which may be on account of better enzyme release 
due to time in aqueous liquid media. However, the final activity is only 35 % on account of 
enzyme deactivation by the high pH. F50 and F70 both show a nearly linear drop in activity but 
both retain a residual activity of ~ 43 % after 4 weeks in the buffer.  
 The behavior of the double encapsulated samples is rather interesting. The residual 
activity of F30 TEGDMA/PEG-1 remains in the 30 to 40 % range (close to the initial value) in 
the first two weeks and then increases to 58 % at the end of four weeks. While sampling and 
errors cannot be completely ruled out, such a trend does corroborate with the behavior of the F30 
single encapsulated sample. Due to the lesser number of pores in the F30 sample, it is difficult 
for the enzyme to be released only by dilution of the dry powder. However, after one week in 
aqueous buffer, the fructose is dissolved, and the alkali slowly dissolves a small portion of the 
silica from the pore walls, increasing the porosity further. This allows for better release of 
enzyme. But after one week the media begins to contact the enzyme within the pores and 
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deactivates it. The double coating in this case retards the kinetics of both fructose and silica 
dissolution by offering an extra layer between the silica and the alkali. Therefore, after four 
weeks, a higher residual activity is observed. 
 F50 TEGDMA/PEG-1 as well as F70 TEGDMA/PEG-1 both show the same trend where 
the residual activity decreases in the first two weeks but is increased to as high as 77 % (close to 
initial value) at the completion of four weeks. The reason for this trend is not entirely 
understood. One possible explanation is that in the samples with higher fructose content, i.e., F50 
and F70, a large number of enzyme–containing pores are exposed to the surface when the 
monolith is crushed. Some of these pores are easily accessible to the alkaline buffer in spite of 
the outer coating. This explains the lower activity in the first week. However, the outer coating 
prevents the complete dissolution of the fructose and consequent enzyme degradation. Instead, 
the presence of a small quantity of the aqueous alkali buffer may act to loosen up some of the 
fructose in the pore channels and actually dissolve some silica from the pore walls, thereby 
allowing for freeing out the entrapped enzyme (that was previously not being released) during 
the dilution step of the assay. But this is only a speculative explanation and more research is 
needed to elucidate this mechanism.  
 Nevertheless, the results of the time study in pH 12.45 buffer clearly establish firstly that 
the encapsulated sample is clearly more stable than the free enzyme and that double encapsulated 
samples are more stable than the single encapsulated ones. This trend can be expected for all 
alkaline and high pH solutions where stable savinase may be required. 
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4.3.8. Comparison of sonication and stirring to study enzyme release 
 It was speculated that the use of sonication as a means of agitating the diluted enzyme 
encapsulates (Section 4.2.5.2.b) may result in better release of the enzyme than mechanical 
action, which is the means available in a washing machine. This was tested by comparing the 
activities of dry powders of F70 TEGDMA/PEG-10 by using both stirring and sonication. Fig. 
4.13 shows the % residual activity of the samples after stirring for 10 and 15 minutes using a 
magnetic stirring rod and sonication for 20 minutes. While the activity of the sample that was 
stirred for 10 minutes was marginally lower at 67 %, the activities of the samples that were 
subjected to 15 minutes of stirring or 20 minutes of sonication were identical. This indicates that 
release of enzyme from the double encapsulated sample can be triggered by dilution and 
mechanical agitation alone. 
4.3.9. Tergotometer wash tests (data provided by Vic Casella from Novozymes 62) 
 The performance of the savinase encapsulates in removing real life stains under wash 
conditions were evaluated using a tergotometer. A tergotometer is an instrument that produces 
scaled reproductions of wash conditions encountered in a large washer. Multiple samples in the 
form of fabric swatches with desired stains can be run at the same time. Temperature and 
agitation speed can be controlled and an automatic timer sets the wash and rinse cycles.  
 The wash parameters were: wash time = 15 min; temperature = 37 ºC; wash volume = 1 
L; water hardness = 150 ppm as CaCO3 (2:1 Ca:Mg); tergotometer rpm = 100; replication: 2 
swatches of each stain per wash, 2 washes per treatment. Protease sensitive blood/milk/ink stains 
on cotton (EMPA 116) and polyester/cotton (EMPA 117) as well as grass stains on cotton 
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(Grass) were used as substrates. Purex HDL was used as detergent and savinase 16 L (lot # PPA-
26291) was used as control. 0.127 g of F70 TEGDMA/PEG-10 was added to 1.42 g detergent in 
a 1 L wash using distilled water. The effectiveness of stain removal was evaluated based on 
reflectance measurements. 
 The results, tabulated in Table 4.7 and illustrated in Figs. 4.14, 4.15 and 4.16, clearly 
reveal that the stain removal efficiency of the detergent in the absence of savinase (encapsulated 
or free) is much lower than that with savinase, either as encapsulate or as free enzyme. Also, free 
savinase was found to be more efficient than F70 TEGDMA/PEG-10 encapsulate added just 
prior to the wash (t=0) for the blood/milk/ink stains but the results on grass stains were close. 
The activity of the encapsulate improved tremendously when the encapsulate was premixed for 
30 min (+30m premix) in 50 mL of distilled water and the mix was added along with detergent 
into 950 mL of water. Activity values on blood/milk/ink stains for such premixed samples were 
only slightly below that of the free savinase control, whereas for the grass stain, the encapsulate 
was found to be as efficient as the free savinase control. This is possibly due to better enzyme 
release on account of 30 minutes of premixing.  
 For applicability in real life washing conditions, the encapsulate cannot be premixed and 
should release as soon as the detergent with the encapsulate is diluted. Considering the fact that 
the initial activity of the dry F70 TEGDMA/PEG-10 powder (Table 4.3) is high and that stirring 
has been proven to provide sufficient enzyme release (Section 4.3.8 and Fig.4.13), these results 
are somewhat contradictory. However, it is possible that the 100 rpm agitation of the 
tergotometer was much lower than the rpm at which the magnetic stirring was performed (the 
rpm of stirring was not measured). More importantly, results in Section 4.3.8 do show that 
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samples stirred for 15 min performed better than those stirred for 10 min. Hence, the 15 min 
washing time may not have been sufficient for both release and stain removal action. This also 
explains why the sample premixed for 30 min showed higher activity. From personal experience, 
the average length of the ‘wash’ step of a 45 min wash cycle in commercial washers in the 
United States is typically 30 min (not counting the 10 to 15 minute rinse and spin steps). 
 Adding the free enzyme or the encapsulate just prior to wash testing was also not truly 
representative of the desired situation since the encapsulate had to have been immersed in the 
detergent for some time prior to washing. Such a test would have also shown the significant 
deactivation of free savinase benchmark by detergent and retention of activity by the 
encapsulate. Regardless, the results of the tergotometer wash testing do indicate that the savinase 
encapsulates are effective at removing stains from textile swatches under wash conditions.    
 
4.4. Conclusions 
 The protease savinase was successfully encapsulated into fructose templated silica 
matrices prepared via the hydrolytic sol–gel method. Nitrogen adsorption–desorption studies 
performed after the extraction of fructose template clearly indicated the mesoporosity of the 
materials. The activities of the savinase encapsulated silicas increased with fructose content and 
activity values as high as 75 % of that of the free enzyme were obtained from these ‘single 
encapsulated’ samples. The activities of the single encapsulated samples decreased with time 
upon immersion in highly alkaline liquid detergents and pH 12.45 buffer, however, the 
deactivation profile was slower than that of the free enzyme which was rendered nearly inactive 
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within a week. The application of an outer coating of TEGDMA/PEG to the savinase 
encapsulated silicas extended their stability in detergent and high pH buffer rather significantly. 
The most optimized ‘double encapsulated’ sample retained as much as 61 % activity (relative to 
the initial activity of the free enzyme) after four weeks in Purex™ Original fresh Aroma Fresco 
with Pure Clean Technology. A mechanism was proposed wherein savinase release occurs under 
a combination of dilution and mechanical agitation such that the PEG component dissolves first, 
followed by the disintegration of the acrylic coating, leading to fructose dissolution and enzyme 
release. Tergotometer wash tests demonstrated the stain removal capability of the ‘double 
encapsulated’ sample. However, it was observed that the double encapsulated sample required an 
additional dilution step to match the stain removing ability of the free enzyme. This may 
however not be necessary if the encapsulate has been immersed in detergent for some time prior 
to testing or if the washing time was extended to 30 minutes, which would provide sufficient 
time for enzyme release and action.  
 
4.5. Future work 
 Further optimization and testing is needed to transform this novel technology into a 
commercial product. Firstly, washing tests with 30 minute wash times need to be performed 
using double encapsulated sample that had been immersed in detergent for different periods of 
time (1 week, 2 weeks and 4 weeks). A comparison with free enzyme would serve as a control. 
Secondly, preparation of single encapsulated samples using organosilica matrices may be 
investigated as this may serve to further enhance activity. The reproducibility of the double 
encapsulation step needs further attention. Thickness of the layer of monomer/ savinase loaded 
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silica mixture on the glass slide before photocuring is critical along with photocuring time and 
light intensity. The process of crushing and photocuring repeatedly is possibly the most sensitive 
factor and probably the biggest source of variation in the entire process. When the photocuring 
step is optimized, an industrial process for applying acrylic coating of correct thickness and 
proper PEG content could be easily developed. Another important experiment that was not 
performed in this study but would support the results is the application of a pure TEGDMA 
coating (no PEG) onto an F70 sample and studying its activity profile. If the pure TEGDMA 
double encapsulated sample showed much lower activity compared to the TEGDMA/PEG 
samples, it would compellingly prove the hypothesis regarding the mechanism of release based 
on PEG dissolution.  
  
4.6. Acknowledgment 
 This work was done in collaboration with Mr. Tom Hughes and Mr. Colin Murray from 
Reacta Corporation who funded this project through their extraordinary entrepreneurship and 
enthusiasm. I am indebted to Dr. Ole Simonsen and Mr. Vic Casella both from Novozymes for 
their suggestions and experimental results from tergotometer wash tests. A part of the activity 
evaluation was done in collaboration with Mr. Sudipto Das, who will continue to further 
optimize this novel ‘double encapsulation’ technology in the future. I am also grateful to Dr. 
Andreas Mylonakis for discussions regarding enzymatic assays and the double encapsulation 
approach.  
 
199 
 
Table 4.1. Variants of subtilisin used in detergents 50. 
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Table 4.2. TGA weight loss and textural properties of single encapsulated samples. 
 
Sample 
name 
wt. % of 
fructose 
added 
TGA weight 
loss from as–
synth. sample 
(wt. % ) 
BET 
Surface 
area 
(m2/g) 
Pore 
volume 
(cm3/g) 
BJH 
desorption 
avg. pore 
diameter (nm) 
F0 0 20 473 0.30 3.2 
F30 30 41 538 0.39 3.3 
F50 50 55 588 0.48 3.3 
F70 70 72 651 0.48 3.5 
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Table 4.3. Activity of single and double encapsulated samples with different fructose contents 
(dry powders).  
 
Sample type Activity
a vs. free enzyme % ± 
SDb (number of tests) 
F0 16 ± 29 (3) 
F30 40 ± 11 (4) 
F50 66 ± 10 (3) 
F70 75 ±  7 (6) 
 F0 TEGDMA/PEG-1 18 ± 9 (3) 
F30 TEGDMA/PEG-1 36 ± 2 (3) 
F50 TEGDMA/PEG-1 71 ± 14 (6) 
F70 TEGDMA/PEG-1 76 ± 7 (3) 
F70 TEGDMA/PEG-5 75 ± 5 (3) 
F50 TEGDMA/PEG-10 75 ± 13 (4) 
F70 TEGDMA/PEG-10 79 ± 3 (5) 
F50 Bis-GMA-TEGDMA/PEG-10 75 ± 2 (3) 
F70 Bis-GMA-TEGDMA/PEG-10 78 ± 3 (3) 
 
a Activities of all samples were calculated based on 100 % activity of free savinase.  
b SD = Standard deviation 
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Table 4.4 Time study of samples in Purex™ Original fresh Aroma Fresco with Pure Clean 
Technology. 
 
 
Test 
time 
Sample type % Residual Activitya  
1 week 
free enzyme 23 
F0 7 
F30 31 
F50 29 
F70 46 
F50 TEGDMA/PEG-10 75 
F70 TEGDMA/PEG-10 77 
F50 Bis-GMA-TEGDMA/PEG-10 51 
F70 Bis-GMA-TEGDMA/PEG-10 73 
2 weeks 
free enzyme 9 
F0 12 
F30 16 
F50 19 
F70 31 
F50 TEGDMA/PEG-10 52 
F70 TEGDMA/PEG-10 71 
F50 Bis-GMA-TEGDMA/PEG-10 23 
F70 Bis-GMA-TEGDMA/PEG-10 49 
4 weeks 
free enzyme 7 
F0 6 
F30 11 
F50 10 
F70 22 
F50 TEGDMA/PEG-10 32 
F70 TEGDMA/PEG-10 61 
F50 Bis-GMA-TEGDMA/PEG-10 14 
F70 Bis-GMA-TEGDMA/PEG-10 28 
 
a Activities of all samples were calculated based on 100 % activity of free savinase. 
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Table 4.5. Time study of double encapsulated samples in Purex™ Free & Clear and Purex™ 
Original fresh Aroma Fresco with Pure Clean Technology. 
 
Test 
time Sample type 
% Residual 
Activitya (Purex™ 
Free & Clear) 
% Residual 
Activitya 
(Purex™ Aroma 
Fresco with Pure 
Clean 
Technology) 
1 
week 
free enzyme 9 23 
F70 41 46 
F70 TEGDMA/PEG-1 80 81 
F70 TEGDMA/PEG-5 75 81 
F70 TEGDMA/PEG-10 50 77 
2 
weeks 
free enzyme 6 9 
F70 21 31 
F70 TEGDMA/PEG-1 69 74 
F70 TEGDMA/PEG-5 63 75 
F70 TEGDMA/PEG-10 38 71 
 
a Activities of all samples were calculated based on 100 % activity of free savinase. 
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Table 4.6. Time study of samples in pH 12.5 buffer. 
 
Test 
time Sample type 
% Residual 
Activitya  
1 week 
free enzyme 19 
F0 11 
F30 55 
F50 54 
F70 72 
 F0 TEGDMA/PEG-1 19 
F30 TEGDMA/PEG-1 40 
F50 TEGDMA/PEG-1 41 
F70 TEGDMA/PEG-1 68 
2 weeks 
free enzyme 9 
F0 7 
F30 47 
F50 54 
F70 56 
 F0 TEGDMA/PEG-1 18 
F30 TEGDMA/PEG-1 33 
F50 TEGDMA/PEG-1 56 
F70 TEGDMA/PEG-1 63 
4 weeks 
free enzyme 6 
F0 6 
F30 35 
F50 44 
F70 43 
 F0 TEGDMA/PEG-1 27 
F30 TEGDMA/PEG-1 58 
F50 TEGDMA/PEG-1 75 
F70 TEGDMA/PEG-1 77 
 
a Activities of all samples were calculated based on 100 % activity of free savinase. 
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Table 4.7. Tergotometer wash test results (data provided by Vic Casella from Novozymes 62). 
 
 
EMPA 116: blood/milk/ink on cotton 
EMPA 117: blood/milk/ink on polyester/cotton 
Grass : grass on cotton 
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Fig. 4.1. Methodology for entrapment of biomolecules within sol–gel networks 19. 
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Fig. 4.2. Cartoon illustrating characteristics of enzyme immobilization in microporous, 
mesoporous and macroporous materials 27.  
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Fig. 4.3. TGA weight loss of as–synthesized savinase encapsulated mesoporous silica (single 
encapsulated) with varying template content. 
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Fig. 4.4. Nitrogen adsorption–desorption isotherms of water–extracted savinase encapsulated 
mesoporous silica (single encapsulated) with varying template content.  
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Fig. 4.5. BJH desorption pore size distribution plot of water–extracted savinase encapsulated 
mesoporous silica (single encapsulated) with varying template content. 
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Fig. 4.6. Effect of template content on surface area of water–extracted savinase encapsulated 
mesoporous silica (single encapsulated). 
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Fig. 4.7. TGA weight loss of acrylic coated savinase encapsulated mesoporous silica (double 
encapsulated) with varying template content. 
 
 
 
 
213 
 
 
 
Fig. 4.8. Plot of enzymatic activity vs. fructose content for single encapsulated samples. 
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Fig. 4.9. Schematic of enzyme release from double encapsulated sample. 
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Fig. 4.10. Time study in Purex™ Original fresh Aroma Fresco with Pure Clean Technology. 
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Fig. 4.11. Effect of PEG content on the stability of double encapsulated samples in Purex™ Free 
& Clear and Purex™ Original fresh Aroma Fresco with Pure Clean Technology. 
10 ÖF70 TEGDMA/PEG-10 
5 ÖF70 TEGDMA/PEG-5 
1 ÖF70 TEGDMA/PEG-1 
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Fig. 4.12. Time study in pH 12.45 buffer. 
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Fig. 4.13. Effect of type of agitation on enzymatic activity of F70 TEGDMA/PEG-10 samples. 
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Fig. 4.14. Removal of blood/milk/ink stain from cotton (figure provided by Vic Casella from 
Novozymes 62). 
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Fig. 4.15. Removal of blood/milk/ink stain from polyester/cotton (polycot) (figure provided by 
Vic Casella from Novozymes 62). 
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Fig. 4.16. Removal of grass stain from cotton (figure provided by Vic Casella from Novozymes 
62). 
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Chapter 5: Experimental dental polymer composites with novel mesoporous and 
nonporous fillers prepared based on sol–gel technology  
 
5.1. Introduction 
 In his poem “This is going to hurt just a little bit”, Ogden Nash describes the agony of 
going to a dentist and also complains “That Man has to go continually to the dentist to keep his 
teeth in good condition when the chief reason he wants his teeth to be in good condition is so that 
he won't have to go to the dentist”. The science of restorative dentistry aims to minimize such 
trauma by timely preventive care and enhanced durability of dental materials. Advanced dental 
materials play a tremendous role in this process. The longevity, comfort and aesthetics of the 
restoration are more dependent on the material used than on any other factor. 
5.1.1. A brief history of dental composites 
  The use of amalgam (i.e., Hg/Ag alloys)  as a dental material can be traced back to the 
inception of restorative dentistry 1. The presence of mercury and its probable toxicity has been a 
subject of controversy ever since its introduction to the Western world in the mid 1800s 2, 3. 
Besides that, there has always been a concern from the aesthetic viewpoint. In 1962 Rafael 
Bowen developed bis-GMA as a monomer 4. In 1963 he explored silica as a filler in dental 
restorations 5. The early polymer composites appeared on the market in 1968 and had larger 
sized fillers and a much higher tendency of failure than their successors in the 1980s, which had 
micron–sized particles 6. Since 1979, there was a 38% decrease in amalgam restorations in the 
US and as much as 50% in Denmark according to McHugh 7. As thirty years have passed since 
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then, these numbers are very likely to have increased with the increasing demand for more 
aesthetic restoration 8. Given the fact that composite restoration causes less removal of the native 
tooth structure, lowers the chance of cusp fracture and can be more easily repaired than amalgam 
restorations 8, it seems very likely that composites will be the dental restorative material of the 
future. Knowing that composites do not always compare favorably to amalgam in mechanical 
properties, wear rate 9, 10 and durability, particularly in larger posterior restorations 11, the need to 
resolve the drawbacks becomes even more urgent.    
5.1.2. Nature of the dental composite 
 A dental composite consists of filler particles (usually inorganic) dispersed in a matrix of 
acrylic (organic) resin. The most common resin is bis-GMA 11. The properties of the composite 
restoration are affected by the fillers employed, such as mean filler size, surface area, shape and 
morphology, loading (filler content based on weight or volume percent), size distribution, 
effectiveness of chemical treatment (if any) and chemistry of the filler 12. It is therefore not 
surprising that in recent times, advances in filler technology have played the biggest role in the 
development of dental composites 13. Volumetric shrinkage and degree of polymerization are the 
key resin parameters that influence effectiveness of the restoration. The light curable composites 
usually contain camphorquinone (CQ) photoinitiator and an amine–based accelerator. They may 
also carry small amounts of inhibitor to prevent polymerization during storage. 
 In this chapter, the results from five different studies aiming at the development of novel 
fillers for experimental dental composites will be presented: 
A. Densely packed combinations of nanosilica and nonporous spherical silica fillers;   
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B. Irregular nonsurfactant templated mesoporous filler with heat treatment; 
C.  Spherical mesoporous filler with heat treatment; 
D. Dental monomer templated mesoporous filler without heat treatment; 
E. Flowable composites utilizing low viscosity organic–inorganic acrylic resin monomer as 
matrix and mesoporous silica as filler.   
 The remaining parts of this introduction section review the literature specific to the 
experimental studies conducted in this research and is not intended to provide a general 
background in dental composite technology. The reader is encouraged to read Section 1.3.4 for a 
more general introduction to the subject. 
5.1.3. Nano–sized fillers in dental composites 
 Early dental fillers included ground or milled glass or quartz macrofillers in the 100 nm 
to 10 μm size range 14. They were typically loaded to about 70 to 80 wt. % (55 to 65 vol. %) to 
prepare dental composites. However, the large filler size led to surface roughness and poor 
abrasion resistance. Microfills containing amorphous silica of around 40 nm diameter were also 
used for some time but the high surface to volume ratio of the small particles meant that a large 
amount of monomer was necessary to adequately ‘wet’ the fillers. Typical filler loadings were 
only 35 wt. % and as a result the properties were compromised. A majority of modern dental 
composites contain physical hybrid fillers, i.e., fillers of at least two different particle sizes, 
because amorphous silica is added to all formulations in order to improve handling and reduce 
stickiness 13. 
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 Nanofillers, by definition include all particles in the 1 to 100 nm size range. In a 1995 
review Ferracane predicted that fillers with particle size under 50 nm would become more 
popular in the future 13. The manufacture of such fillers requires bottom–up chemistry 
approaches as sizes of under 100 nm cannot be obtained using standard milling techniques 15. 
Regardless, the smaller particle size gives the restoration an improved finish (better surface 
texture) and the likelihood of degradation over time is reduced. Nanofillers also produce lower 
shrinkage, lesser cusp wall deflection and reduce microfissures that lead to microleakage, color 
changes, bacterial penetration and post–operative sensitivity 16. Mitra et al. proposed that unlike 
composites with larger fillers where abrasion causes erosion of the micron sized filler particle 
and leaves a large gap, clusters of nanoparticles (nanoclusters) abrade by the breaking of 
individual primary particles from the cluster. Consequently, defects are much smaller and gloss 
retention is improved 15. Klapdhor and Mozner observed consistent increase in modulus of 
elasticity with 13 nm silica nanofiller contents of 20 to 60 %, but, however, decreased flexural 
strength in all cases upon storing for a week in water. This indicates that the very high nanofiller 
loading made their materials brittle.   
 It must be noted that the dispersion of an inorganic filler into an organic monomer is 
thermodynamically unfavourable and there is a significant tendency for aggregation. This is 
more so on account of the high surface area of nanofillers which leads to very high viscosity and 
lower maximum filler loading 17. Mitra et al. stated that the 40 nm pyrogenic silica particles of 
microfills do show such a tendency toward aggregation 15. However, if the nanofillers are 
discrete and well dispersed by surface functionalization, this issue could be alleviated. Further, 
lower viscosity nanofilled monomer would allow the simultaneous incorporation of other fillers 
as well to increase overall loading 18. Since the nanosilica fillers are small enough to be 
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transparent to visible light, there is a need to mix them with larger fillers in order to achieve the 
required radiopacity 16. 
5.1.4. Composites with dense packing of fillers  
 According to Jones, the stiffest commercially available posterior composite only has an 
elastic modulus of about half of that of dental enamel 12. The highly oriented microstructure of 
enamel, a natural composite of hydroxyapatite with protein, results in elastic modulus (tensile) 
values of 85 to 90 GPa in the parallel direction and 70 to 77 GPa in the perpendicular direction 
19. In a 2005 study, Jiang et al. experimentally demonstrated the correlation between the ordering 
of aligned biominerals and the superior mechanical properties of highly mineralized dental 
enamel 20. The influence on ordering of fillers on the properties of the resultant composite is 
therefore quite significant. 
 Inspired by the superior mechanical performance of natural enamel, Wan et al. prepared 
polymer composites with an ordered arrangement of inorganic spheres as fillers. The ordered 
‘synthetic opals’ demonstrated millimeter scale close packing and had silica contents that were 
close to the theoretically predicted maximum of 74 % 21. It should be noted that such a dense 
packing concept was first introduced by Wei et al. 22. In the work of Wan et al., the fillers in 
these packed composites comprised of silanized or unsilanized commercially available 500 nm 
spherical silica (Alfa Aesar). To prepare the synthetic opals, Wan et al. first dispersed the fillers 
in water via vigorous shaking, mixing and sonication and then allowed sedimentation over one 
week. The opalescent sediment was dried by slow evaporation and vacuum drying, after which, 
the consolidated aggregates were infiltrated with photopolymerizable TEGDMA and light cured 
to produce the composite (Fig. 5.1). Mechanical testing demonstrated that such ordering led to 
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significantly higher compressive strengths and failure strains, which indicates that close packed 
composites may have superior properties 23. However, in spite of such promising results, the use 
of pure TEGDMA as a matrix (on account of its lower viscosity and better handling 
characteristics) is not practical in clinical applications. The low elastic modulus of TEGDMA 
meant that the materials still did not have sufficient stiffness for clinical use as a dental 
composite. 
 According to Pu et al. 24, the two possible ways to improve the general characteristics of 
composites are: the minimization of particle size and the control of filler dispersion. They found 
that the mechanical properties of composites of 150 nm silica fillers in methyl acrylate were 
superior when they were aggregated in comparison to when they were regularly ordered or just 
randomly distributed. However, the Tg of the aggregated composites was the lowest, which was 
consistent with their superior toughness compared to the random and regularly ordered fillers 24.  
 Increasing the filler loading leads to a corresponding decrease in resin content and 
therefore lessens the undesired volumetric shrinkage 8, 12. When a densely packed inorganic 
phase is employed, there is a minimal amount of dental monomer within the interstitial spaces of 
the closely packed fillers. However, the theoretical maximum of the random close packing 
volume fraction is 0.64 for monodisperse spheres, 0.87 for bimodal spheres and 0.95 for trimodal 
spheres 25 (further packing requires hexagonal close packing, which has a maximum packing 
volume fraction of 0.74 for monodisperse spheres 21). This means that combination of small 
particles with larger particles can allow the smaller particles to settle within the interstices of the 
larger particles, thereby raising the total filler volume fraction 25, 26 (Fig. 5.2). Kalinina and 
Kumacheva assembled spherical core shell particles with monomeric shells into a cylinder by 
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sedimentation and slow evaporation. Upon applying heat treatment, flow of the monomer shell 
consolidated the particles into an ordered nanocomposite 27.  
Study A. Preparation of experimental dental composites with densely packed combinations of 
nanosilica and nonporous spherical silica fillers   
 This study investigated the mechanical properties of densely packed composites prepared 
by combining 13 nm nanosilica fillers with commercially available monodisperse nonporous 
spherical silica of different diameters in various ratios. The 13 nm nanofillers were isolated from 
Highlink® NanO G, a commercially available dispersion of 30 wt. % of 13 nm silica particles in 
2–hydroxyethyl methacrylate (HEMA). The resultant mixtures, dispersed in photocurable bis-
GMA/TEGDMA resins were densely packed by centrifugation. 
5.1.5. The interface problem 
 The organic (hydrophobic) resin and the inorganic (hydrophilic) filler are 
thermodynamically incompatible 28, 29. The fillers tend to aggregate together to form clusters 
which is highly undesirable 30. In the literature, various approaches have been used to alleviate 
this situation.  
5.1.5.1. Silane treatment  
 The interface problem is tackled by silane treatment in current dental composites. An 
organosilane called a silane coupling agent, capable of bonding to both organic resin and 
inorganic filler, forms a covalent bond between these phases 31, 32. 3– Methacryloxypropyl 
trimethoxysilane (MPS) is one of the popular silanes in dentistry 13. Silane treatments are known 
to improve mechanical properties, wear resistance, resistance to water absorption, impact 
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strength and prolong service life of the composite 30, 33-38. They also reduce the viscosity of the 
composite 32. Silane treatment is, however, not completely reliable and has shortcomings. Studies 
have shown that silane coupling agents are prone to hydrolysis in the oral environment 39-42. 
Halvorson et al. 43 have shown that for the same wt. % filler, the silane treated filler shows lower 
percentage conversion in polymerization. Yoshida et al. 44, suggest de-contaminating the filler 
surface before silanation. Luo et al. found that silane coupling agents actually reduced wear 
resistance of their nanoporous sol-gel based dental composites 45. 
5.1.5.2. Micromechanical bonding 
 Matinlinna et al. 32 have concluded in a review of silanes that silanation of non–etchable 
materials is more important and that in certain cases HF etching is sufficient. HF etching gives a 
micromechanical bonding between filler and resin by roughening the surface of the filler 46. 
Saracoglu et al. showed that surface pores created by using this etching technique give better 
shear bond strength than other techniques. They did not consider silane treatment in their study 
47. Many studies have reported the benefits of combining micromechanical bonding (through HF 
etching, sand blasting or other surface pore preparation procedures) with silane treatment 48-50. 
 Fusing or sintering large particle aggregates to create surface roughness has also been 
attempted in the effort to enhance micromechanical bonding 51, 52 (Fig. 5.3). Solitare™ from 
Heraeus Kulzer is a commercial product where the filler consists of small particles bonded onto 
the surface of larger particles of the same composition in order to achieve high surface roughness 
53. 
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5.1.6. Use of porous fillers in dentistry 
 The micromechanical bonding concept mentioned in the previous section is not a recent 
innovation. In fact, Bowen et al. reported the formulation of experimental composites with semi–
porous fillers as early as 1976 54, 55. Other porous fillers included microporous filler prepared 
from frits of gelled inorganic sols followed by a pulsed high temperature treatment 56, porous 
sintered glass composite 57 and porous ceramic (leucite) fillers 58. However, the concept of 
micromechanical interlocking can be extended from the filler surface to the filler interior. In 
1996, Frisch and Mark 59 reported the preparation of nanocomposites by threading polystyrene 
(PS) and polyethylene acrylate (PEA) chains through the pores of zeolites, mesoporous silica and 
nanotubes. Polymerization of the monomer within the pores was clearly verified by DSC. They 
concluded that constraining PS chains within pores under 20 nm in diameter results in 
suppression of Tg 59. In 1998, Moller et al. fabricated nanocomposites by entrapping PMMA 
strands within the pores of zeolites as well as MCM–41 and MCM–48 mesoporous materials 60. 
However, mechanical evaluation was lacking in both works. Ji et al. demonstrated the 
preparation of mesoporous silica reinforced nanocomposites in 2003. They infiltrated initiator 
containing (3–trimethoxysilyl)propyl methacrylate (TMPMA) into the surfactant–extracted pores 
of methacrylate modified mesoporous fillers with wormhole–like pore structure. Mechanical 
testing revealed that the use of mesoporous fillers significantly improved tensile strength, 
modulus and toughness of nanocomposites. They also proposed that the strong polymer–filler 
interaction (due to organo–functionalization of filler), confinement of polymer chain segmental 
motion and behavior of silica particles as pseudo–crosslinking points contributed to the superior 
mechanical properties 61. However, none of these papers dealt specifically with any dental 
relevant materials.  
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 Nonetheless, mesoporous materials were shown to be ideal candidates for allowing the 
resin to pass through their pore channels. At present, only a few studies have been published 
where dental monomers have been successfully polymerized within the pores of porous materials 
39, 62-64 . Luo et al. prepared microporous silicas of under 3 nm pore diameter by the acid–
catalyzed sol–gel hydrolysis and condensation of TEOS in the presence of ethanol (no template). 
The silanated particles were then mixed with TEGDMA under vacuum and vibration up to filler 
loadings as high as 70 wt. %. Wear rate was found to decrease linearly with pore volume but 
there was no difference between the properties of silanated and unsilanated mesoporous fillers 62. 
 In 2006, Praveen et al. from our research group reported the use of nonsurfactant 
templated (template extracted) mesoporous fillers in the preparation of experimental dental 
composites for the first time. They found that for the same silica content, composites with 
mesoporous fillers in 50/50 bis-GMA/TEGDMA matrix had higher elastic modulus but lower 
compressive strength. Unlike nonporous fillers, the modulus of composites with mesoporous 
fillers was unaffected after 35 days in water. On the other hand, compressive strength of the 
mesoporous filler loaded composites was significantly decreased by water. They also reported 
that heat treatment of the mesoporous filler upto a temperature of 800 ºC resulted in composites 
with the highest modulus and a relatively high compressive strength 39.   
Advantages and drawbacks of using mesoporous fillers: 
 The use of mesoporous fillers with interconnected porous networks allows the polymer 
chains to pass through the nano–sized pore channels of the fillers, thereby threading the pores via 
interpenetration. This allows the formation of, as termed by us, a ‘nanonecklace’ like structure, 
wherein the polymer–infiltrated filler is held in place via micromechanical interlocking (Fig. 
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5.4). In the case of silane treated nonporous fillers, or, for semiporous and nonporous fillers that 
exhibit only surface porosity, the polymer is just attached to the surface of the filler. The surface 
attachment is either by chemical bonding (silanes) or micromechanical bonding (surface 
porosity). However, due to inherent thermodynamic incompatibility between the organic and 
inorganic phases, the filler has a tendency to phase separate (bleeding or plating) out of the bulk 
of the organic polymer matrix. In the case of mesoporous fillers, this is prevented by the polymer 
chains that pass through their pores, resulting in improved wear 62 and stiffness 39. 
 The high surface area of mesoporous materials also means that they absorb greater 
amounts of monomer into the pores, which tends to limit filler loadings. Currently, none of the 
studies with mesoporous fillers exceeded the rather low filler content of 40 wt. % when 50/50 
bis-GMA/ TEGDMA was used as monomer 39, 64. Luo et al. did achieve 70 wt. % filler content 
using the lower viscosity monomer TEGDMA as matrix 62. But, as mentioned in Section 5.1.4, 
pure TEGDMA produces a rather soft polymer that lacks the necessary stiffness for clinical 
applications.    
Study B. Preparation and mechanical properties of experimental dental composites containing 
a combination of irregular mesoporous and spherical nonporous fillers 
 The drawback of mesoporous fillers lies in their low filler loading as a consequence of 
greater requirement of monomer to adequately absorb into or to ‘wet’ the pores. The ideal 
solution for this problem would be to reduce the surface area by using fillers with only few pore 
channels, with diameters in the mesopore range. But, such controlled architecture in the nano 
scale has not yet been realized. The best alternative method of increasing the filler loading was to 
reduce surface area by mixing mesoporous fillers (high surface area) with nonporous fillers (low 
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surface area). The mechanical evaluation of various such combinations of mesoporous and 
nonporous fillers is presented in this study.    
Study C. Preparation and compressive properties of experimental dental composites 
containing spherical mesoporous and nonporous fillers 
 It is apparent that the morphology of the filler exerts tremendous influence on the 
properties of the composites 65, 66. Out of all possible geometries, the sphere has the lowest 
surface area and spherical fillers are therefore expected to give the highest filler loading. It is not 
surprising that in their study of the “effect of filler loading and morphology on the mechanical 
properties of contemporary composites”, Kim et al. found that composites with round fillers 
showed the highest filler content, which resulted in the highest flexural strength 67.  
 In conjunction with our previous objective to increase loading of mesoporous fillers in 
experimental dental composites (Study B), composites comprising of spherical mesoporous silica 
alone, or in combination with spherical nonporous silica were prepared and tested under 
compression.   
Study D. Preparation of dental monomer templated mesoporous materials for use as fillers in 
experimental dental composites  
 An alternative approach toward solving the polymer–filler interface problem was the use 
of organic materials as fillers. Heavily filled polymerized resin blocks were milled into 25 μm 
sized particles and used as fillers in dental composites 13. Such fillers were employed in the 
commercial microfill composite Metafil CX (Sun Medical Co. Ltd., Shiga, Japan) 68. However, 
flexural strengths were comparatively low 67. Ranade et al. also used ultra high molecular weight 
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polyethylene (UHMWPE) as a filler for dental composites 69. Thus, particles with high organic 
content have been shown to be effective as fillers in dental composites. 
 The difficulty in coaxing viscous organic monomers into the nano–sized pores/channels 
of conventional mesoporous fillers necessitated the use of a combination of heat and vacuum, as 
well as extensive mixing in Studies B and C. Such a process was rather energy intensive, 
particularly because of the presence of air within the pores. An alternative method of infiltrating 
the filler into the pore was desired.  
 In the nonsurfactant templated route to sol–gel mesoporous materials, an inorganic metal 
oxide network can be grown around any inert organic molecular assemblies (template), yielding 
an interconnected mesoporous network upon extraction of the template 70, 71. In this study, the 
viscous dental monomer urethane dimethacrylate (UDMA) was used as a template for the 
preparation of mesoporous materials. The photoinitiator containing UDMA monomer was thus 
inserted into the pore during the synthesis process itself, avoiding the need for infiltrating 
monomer into the pore after synthesis. This study will be further subdivided into two aspects. 
Study D.I. will establish the feasibility of polymerization of the UDMA within the pores of 
UDMA templated gels. The preparation of UDMA/TEGDMA templated fillers, demonstration of 
their mesoporosity upon template extraction and preparation of experimental dental composites 
with such fillers in the template–loaded state will be described in Study D.II. Study D is intended 
to demonstrate the effectiveness of as–synthesized monomer templated metal oxide networks as 
fillers in dental composites.       
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5.1.7. The volume shrinkage problem 
 Free monomer molecules in liquid state are separated by van der Waal’s distances but 
when they enter into a polymer network, they form covalent bonds that are shorter than these van 
der Waal’s distances. This results in an overall volumetric shrinkage whose magnitude depends 
on the number of covalent bonds formed 13, 72 (Scheme 5.1). Methyl methacrylate (MMA) 
polymerizes with a volumetric shrinkage of about 22% 72.  
 
Scheme 5.1. Polymerization of dimethacrylate monomer and consequent shrinkage 13 
Methods to counter volumetric shrinkage include: 
Higher molecular weight resin monomer: Since the magnitude of volumetric shrinkage depends 
on the number of covalent bonds formed, it is obvious that a higher molecular weight resin 
monomer will have lower shrinkage 13. Hence the reason for Bowen’s pioneering work with bis-
GMA 4 (Scheme 5.2) which still continues to enjoy popularity among composite manufacturers. 
It has high rigidity due to the two phenyl rings from bisphenol-A and the two methacrylate 
groups account for its ability to undergo vinyl polymerization. Yet, bis-GMA has some 
limitations in the fact that it is extremely viscous, which makes it difficult to handle, and also 
contributes to the fact that it does not cure to a high extent on its own. The viscosity of bis-GMA 
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is reduced by diluting it with TEGDMA, another dimethacrylate monomer that has a flexible 
structure and therefore lower viscosity. But this increases the shrinkage again 73. Optimum 
balance between low shrinkage, desirable mechanical properties and convenient handling 
characteristics is obtained by mixing bis-GMA and TEGDMA in a 1:1 ratio 13, 74. Various other 
monomers like UDMA have been investigated with a variety of dimethacrylates as comonomers 
73, 75. The optimum combination of 50/50 bis-GMA/TEGDMA was used as resin in this study.                             
                                    
. 
Scheme 5.2. Structures of some common dental monomers. 
High filler loading: Increasing the filler loading reduces the volume of resin present in the 
composite and hence lowers shrinkage 8, 12. But there are limits to this approach such as difficulty 
in handling as one cannot eliminate the problem altogether by this method. 
In-vivo methods: Volumetric shrinkage can be reduced by building up the restoration layer by 
layer rather than applying it all at once 76. Jones states that incremental buildup while applying 
posterior composites is mandatory 12. Yet, shrinkage of 1.5 to 2.5% cannot be avoided. In-vivo 
methods draw largely upon the skill of the practitioner and can at best alleviate the situation. 
 More recent approaches involve the use of Ring Opening Polymerization 77 and low 
shrinkage inorganic–organic hybrid materials (Section 5.1.6.2). 
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5.1.8. Flowable composites 
5.1.8.1. Flowable vs. Packable composites: The viscosity problem  
 The heavily filled, high viscosity ‘packable’ composites were designed to be applied on 
stress bearing posterior restorations and were formulated to have a handling consistency similar 
to dental amalgam. On the other hand, a low viscosity material is more convenient to seal off 
minimally invasive (small diameter) and shallow cavities where a high viscosity composite 
cannot be conveniently packed. ‘Flowable’ composites are low viscosity, resin–rich composites 
that contain small sized particles in relatively low filler loadings. They are used as pit and fissure 
sealants, liners, etc. 8, 78, 79. Due to their lower filler content, they are expected to have superior 
toughness properties compared to high filler content composites. Currently they are 
recommended for Class III and Class V restorations. However, it has been argued that on 
account of being resin rich, flowable composites may undergo greater volume shrinkage 79.   
5.1.8.1. Inorganic–organic hybrid resins 
  In 1996, our group reported the synthesis of low shrinkage hybrid materials by the sol–
gel process 80. In 2001, Wei et al. also produced polyacrylate–silica hybrid materials for potential 
dental applications 81. The success in controlling volumetric shrinkage with larger molecular 
weight monomers in combination with an understanding of acrylic glass industry methods led 
our group to develop novel polymers by covalent attachment of the acrylic monomer HEMA 
onto sol–gel silica 82. In another variation, a second acrylic monomer containing epoxy group 
was added to further cut down volume shrinkage occurring due to slow hydrolysis of residual 
silanol groups 83. Both these resins showed significantly low volumetric shrinkage 82, 83.    
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Study E. Preparation of experimental flowable composites utilizing low viscosity novel 
organic–inorganic acrylic resin monomer as matrix and mesoporous silica as filler   
 The poly[2-hydroxethyl methacrylate (HEMA)-glycidyl methacrylate (GMA)-silicate] 
(PHGS) hybrid materials as reported by our group in 2008 were transparent liquids prior to 
polymerization and were stable to storage (did not polymerize) at – 5 ºC for at least six months 
83. Viscosity was relatively low, with a consistency similar to TEGDMA. The resin could easily 
be filled into molds. Upon thermal initiation of polymerization, a clear hybrid silica–acrylic 
polymer was obtained. Some formulations of these hybrid resins are described in Appendix A of 
this thesis, while a detailed description is provided in the thesis of Andreas Mylonakis 84.  
 In this study, nonsurfactant templated as well as SBA–15 mesoporous fillers were added 
into the PHGS hybrid resin with the objective of preparing a novel flowable composite. Visual, 
as well as mechanical evaluation of the composites is presented.    
 
5.2. Experimental section 
5.2.1. Materials 
 Tetraethylorthosilicate (TEOS), 98 % (cat.# 131903 ); D-(–)-fructose, 99 % (cat.# 
F0127); poly[(ethylene glycol)20-block-(propylene glycol)70-block-(ethylene glycol)20] 
MW~5800 (Pluronic–P123), (cat.# 435465); triethyleneglycol dimethacrylate (TEGDMA), 95 % 
(cat.# 261548); 2–hydroxyethyl methacrylate (HEMA), 97 % (cat.# 128635); glycidyl 
methacrylate (GMA), 97 % (cat.# 151238); camphorquinone (CQ), 97 % (cat.# 124893); N–
phenylglycine (NPG), 97 % (cat.# 330469); 2-(dimethylamino)ethyl methacrylate (DMAEMA), 
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98 % (cat.# 234907) and bisphenol-A glycerolate dimethacrylate (bis-GMA), (cat. # 494356) 
were purchased from Aldrich. Highlink® NanO G (grade 101T-31) was provided by Clariant 
International. Urethane dimethacrylate (UDMA), (item# X-850-0000) and bis-GMA/ 
triethyleneglycol dimethacrylate, (50/50) monomer blend (item# X-951-0050) were generously 
donated by Esstech, Inc. Spherical monodisperse silica of 200 (item# 44884), 250 (item# 44885), 
500 (item# L16985) and 1500 nm (item# L16987) diameters were obtained from Alfa Aesar. 
 All reagents were used as received except HEMA and GMA which were purified by 
distillation under reduced pressures.   
5.2.2. Preparation of filler, resin and composite 
 All mesoporous and nonporous fillers were generally heat treated by heating to 800 ºC 
for 4 hours unless otherwise specified. Also, unless otherwise mentioned, light curable resin was 
prepared by mixing bis-GMA and TEGDMA monomers in a 1:1 (wt.) ratio and adding 0.5 wt. % 
CQ (photoinitiator) and 0.3 wt. % DMAEMA (amine co–initiator) into the bis-GMA/TEGDMA 
mixture.  
5.2.2.1. Study A. Preparation of experimental dental composites with densely packed 
combinations of nanosilica and nonporous spherical silica fillers 
 a) Isolation of nanosilica from Highlink® NanO G: Nanosilica filler was prepared by vacuum 
distilling a known mass of Highlink® NanO G until the HEMA boiled off. A pink colored, fine 
powder was obtained, which weighed only ~30 % of original mass of Highlink® NanO G used. 
 In a typical procedure, 15 g of Highlink® NanO G was added into a 100 mL two-neck 
flask with one neck connected to vacuum and another to a thermometer. Heating, stirring and 
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vacuum were applied simultaneously and the HEMA began to boil off in the 70 to 80 ºC 
temperature range. The process was continued for 10 min after which only 40 % of the original 
mass of the flask remained. The flask now contained a white, slightly wet mass, which was then 
crushed with a glass mortar and pestle to yield a white flaky powder with a greenish hue. This 
crushed material was placed under further vacuum and heating at ~ 85 ºC until the remaining 10 
% HEMA was lost and the crushed mass turned into a light pink powder. The free–flowing pink 
powder was the desired 13 nm nanosilica which could be modified by some HEMA moieties. No 
further heat treatment was applied to it. 
b) Preparation of experimental dental composites: To prepare composites, the nanosilica and 
commercial nonporous spherical silica were mixed with light curable resin in a ratio such that the 
overall SiO2 content in the composite was maintained at 60 wt. %. The viscous, cream colored 
paste was filled into glass molds (6 mm diameter x 50 mm length cylindrical tubes) with the help 
of a three speed vibrator. The unpacked samples were centrifuged at 500 rpm for 1 min to effect 
packing and to ensure removal of air bubbles and voids. The centrifugation of the packed 
samples was carried out at the speeds and times mentioned in Table 5.1. The molds were 
photocured for 6 min under blue light in a Dentsply Triad II light curing unit (Fig. 5.5.a). The 
cured composites were retrieved from the glass molds by gently cracking the glass using a 
hammer. This was followed by postcuring at 37 ºC for 24 hours. Each molded composite was cut 
into three specimens with a diamond saw and the resin–rich topmost specimen (or top layer) as 
shown in Fig. 5.6 was discarded. Specimens from the middle and bottom layers were further 
polished to the desired length/diameter ratio according to ASTM D695 specifications and tested 
for compression strength.         
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5.2.2.2. Study B. Preparation and mechanical properties of experimental dental composites 
containing a combination of irregular mesoporous and spherical nonporous fillers 
a) Synthesis and heat treatment of mesoporous fillers: The TEOS was hydrolyzed according to 
the procedure used by Praveen et al. 39. In a typical procedure, TEOS (104 g), water (36 g), 
ethanol (69 g) and HCl (2M, 0.25 mL) were refluxed at 60 ºC for 30 min and then cooled to 
room temperature. A 50 % aqueous solution of fructose was then added to this pre–hydrolyzed 
sol in such an amount so as to keep the template content to 35 wt. %. The mixture gelled in ~ 3 
min upon adding 3mL of 0.25M NaOH. After gelation at room temperature, the container was 
covered with parafilm containing 12 to 15 pinholes to allow for evaporation of solvents and 
reaction byproducts. After 24 hrs, the silica gel (still wet) was crushed into fine white powder 
using a mortar and pestle and was allowed to dry at room temperature for usually 3 days. After 
drying, the fructose template was removed by Soxhlet extraction with deionized water for 2–3 
days. The mesoporous silica powders were passed through a 40 mesh sieve and then heat treated 
to afford the nonsurfactant templated mesoporous dental fillers of irregular morphology used in 
this study. 
b) Preparation of experimental dental composites: Composites were made using three different 
types of fillers (and combinations of them) at various loadings. The three fillers used were 
irregular mesoporous silica fillers (their synthesis described in the previous section), 
commercially available nonporous 500 nm silica spheres and MPS treated commercially 
available nonporous 500 nm silica spheres. MPS treatment was performed by coating the spheres 
with 3–methacryloxypropyl trimethoxysilane (MPS) according to the procedure of Debnath et al. 
85.  
247 
 
 The chosen combination of fillers was first mechanically blended for 30 min with the 
light curable resin in a crucible with the help of a spatula. The light curable composite mixtures 
were then heated up to 80 ºC in a hot water bath to reduce viscosity and vacuum was applied to 
the composite mixture (care was taken to prevent water from contacting the composite). The 
vacuum and heating treatment were used to remove the entrapped air and to coax the monomers 
to flow into the mesopores. The highly viscous composite mixtures were then forced into 
appropriate glass molds (6 mm diameter x 50 mm length cylindrical tubes for compression and 2 
x 2 x 30 mm square molds for three point bending test specimens). Mold filling was achieved 
either by injecting the composite paste with a syringe or making the composite flow into the 
mold using a vibrator. The composite mixtures were then photopolymerized in a Dentsply Triad 
II light curing unit for 6 min (Fig. 5.5.a). The cured composite samples were removed from the 
molds and were postcured (placed inside a convection oven at 37 ºC) for 24 hours. Specimens 
with appropriate dimensions were cut with a diamond saw, and their surfaces were made smooth 
by grinding prior to compression and flexural testing.   
5.2.2.3. Study C. Preparation and compressive properties of experimental dental composites 
containing spherical mesoporous and nonporous fillers 
a) Synthesis and heat treatment of spherical mesoporous fillers: Spherical mesoporous fillers 
were prepared using the modified Stober approach described in Chapter 3. The fillers under 
study were synthesized by adding 15 g of a 30 % aqueous solution of fructose into a freshly 
prepared solution of 10.4 g TEOS in 800 mL ethanol in a 1 L beaker, under stirring. 16 mL 
ammonium hydroxide (29. 82 %) was added after 30 min and the beaker was kept under stirring 
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overnight with a parafilm cover. The spheres were separated out by centrifugation and were then 
washed with water after which they were heat treated at 800 ºC for 4 hours.   
b) Preparation of experimental dental composites: The composites were prepared by 
mechanically blending the specific spherical filler (or combination of fillers) with light curable 
resin in a crucible with the help of a spatula. The specimens for compression testing were 
prepared exactly as described in Section 5.2.2.2.b.  
5.2.2.4. Study D. Preparation of dental monomer templated mesoporous materials for use as 
fillers in experimental dental composites  
a) Synthesis of novel UDMA templated mesoporous silica gel (D.I) and UDMA/TEGDMA 
templated mesoporous fillers (D.II): The 70 wt. % UDMA templated mesoporous gel (D.I) was 
prepared with the objective of studying the polymerization of photoinitiator–containing UDMA 
whilst it was present as a template inside the pores of a silica matrix. On the other hand, the 
UDMA/TEGDMA templated fillers of varying template content (D.II) were prepared with the 
objective of preparing and evaluating the first ever ‘dental monomer templated mesoporous 
silica filler’ loaded experimental dental composites.  
 To prepare a pre–hydrolyzed sol–gel sample, a solution containing TEOS: H2O: HCl: 
ethanol = 1 : 2 : 0.005 : 1.5 (mol) was refluxed at 60 °C under N2 protection for 1 hr. 2 M HCl 
was used for this process. Noting that 208 g TEOS (1 mol) should yield 60.09 g SiO2 (1 mol) if 
the reactions were completed, this pre–hydrolyzed sol–gel was then divided into equivalent parts, 
each part corresponding to a yield of 1 g SiO2 upon condensation and gelation (soln. A). Water 
and alcohol content were assumed to be unaffected. 
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 To prepare the 70 wt. % UDMA templated gel (D.I), 3 parts of soln. A (which would 
yield 3 g of SiO2) was added to a solution of 7 g UDMA, 35 mg CQ (0.5 wt. %) and 21 mg NPG 
(0.3 wt. %) in 3.5 g ethanol (soln. B). The mixture reached gelation when pH was neutralized by 
adding 0.25 M NaOH solution. The gel was put under vacuum at 35 °C for 1 week to allow for 
evaporation of ethanol and other volatiles. The beaker was wrapped in aluminum foil and kept in 
dark to avoid photopolymerization, and holes were made at the top to aid evaporation. The dry 
gel had 70 wt. % of UDMA with photoinitiator. A control sample without any UDMA was also 
prepared (in this case soln. B was pure ethanol).  
 For the preparation of UDMA/TEGDMA templated fillers (D.II), a 7:3 (wt.) solution of 
UDMA in TEGDMA with 0.5 wt. % CQ and 0.3 wt. % NPG was freshly prepared. In a typical 
procedure to prepare 40 wt. % dental monomer templated mesoporous silica, 5 parts of soln. A 
(which would yield 5 g of SiO2) were added to 3.33 g of the UDMA in TEGDMA solution under 
stirring, in a 50 mL beaker. The pH was adjusted by addition of 1.5 mL of 0.25 M NaOH. The 
solution gelled within 10 minutes after which the gel was evaporated at room temperature in a 
vacuum oven for 1 week (with protection from light) and then crushed with mortar and pestle to 
40 mesh size. The UDMA/TEGDMA containing silica powders were subjected to further 
evacuation under ambient temperature until the weight loss became constant. The fine, light 
yellow powder thus afforded was the 40 wt. % dental monomer templated mesoporous silica 
filler of irregular morphology. No heat treatment was performed. Fillers with different loadings 
of dental monomer were thus prepared by simply changing the mass of the 7:3 
UDMA/TEGDMA solution that was mixed with 5 parts of soln. A, prior to gelation. A pure 
silica as control sample was also prepared where 5 parts of soln. A were allowed to gel in the 
absence of UDMA/TEGDMA. To prepare the 25 wt. % fructose templated mesoporous silica 
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control sample, the UDMA/TEGDMA solution was replaced by 3.33 g of a 50 % aqueous 
solution of fructose.   
 Nomenclature of the UDMA/TEGDMA templated fillers (D.II) was as follows: ums5XX 
where ‘ums5’ = UDMA/TEGDMA (7:3, wt.) templated mesoporous silica; XX = targeted 
UDMA/TEGDMA loading.  
b) Polymerization of the gels (D.I): The 70 wt. % UDMA templated gel (D.I) containing 
photoinitiators was golden yellow due to the color of the initiators. The sample was preheated for 
15 min in a 65 ºC convection oven and then photocured for 20 min in an LED Curedome (Proto-
tech) photocuring unit (Fig. 5.5.b). The golden yellow color changed to light brown after the 
photopolymerization. The polymerized and unpolymerized gels, as well as pure silica control, 
were crushed to a fine powder for further analysis (TGA and nitrogen adsorption–desorption). 
Some samples were retained in monolith form for SEM observation. Ethanol–extracted gels were 
prepared by washing the crushed powder with ethanol for 7 days using Sohxlet extraction. It 
should be noted that UDMA was completely soluble in ethanol. 
c) Preparation of experimental dental composites (D.II): The UDMA/TEGDMA (7:3, wt.) 
templated fillers (D.II) were used in combination with 500 nm spherical nonporous fillers. The 
light curable resin used for these composites was a commercially available 50/50 bis–
GMA/TEGDMA monomer blend from Esstech Inc. (not the prepared blend as described in 
Section 5.2.2) to which 0.5 wt. % CQ and 0.3 wt. % NPG were added. Blending of filler in light 
curable resin was accomplished by manual mixing for 30 min in a crucible with the help of a 
spatula. Heat and vacuum were not needed, but the mixtures were stored overnight prior to 
packing into a flexural mold. All operations were performed in dark. Polymerization was carried 
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out by photocuring for 6 min in a Dentsply Enterra light curing unit (Fig. 5.5.c). Flexural testing 
was done after postcuring in a convection oven at 37 ºC for 24 hours.      
5.2.2.5. Study E. Preparation of experimental flowable composites utilizing low viscosity novel 
organic–inorganic acrylic resin monomer as matrix and mesoporous silica as filler   
a) Synthesis of  mesoporous fillers: Two types of mesoporous fillers, surfactant templated SBA–
15 and nonsurfactant templated irregular mesoporous fillers were used in this study. 
 Mesoporous silica molecular sieve SBA–15 was prepared according to the procedure 
reported by Zhao et al. 86. To prepare SBA–15, 10.0 g triblock copolymer poly[(ethylene 
glycol)20-block-(propylene glycol)70-block-(ethylene glycol)20] (also called Pluronic–P123) and 
94.4 g of 37 % HCl were dissolved in 300 g water to form a clear solution. Then 23 g TEOS was 
added to the above solution and stirred for 20 hrs at 40 °C. After filtration, washing with water 
and drying at room temperature, SBA–15 silica was recovered. The surfactant template was 
removed by heat treatment at 900 ºC for 6 hrs. 
 The nonsurfactant templated mesoporous silica filler was the same material that was used 
in Study B (Section 5.2.2.2.a). 
b) Synthesis of organic–inorganic hybrid resin: Poly(HEMA-GMA-Silicate) (PHGS) hybrid 
resins were prepared in accordance with the procedure reported by Li et al. 83. In a typical 
procedure to prepare PHGS 2-20 with the molar ratio of HEMA: GMA = 2 and a total SiO2 
content of 20 wt. %, TEOS had to first be hydrolyzed in the presence of HEMA. Thus, 52 g of 
TEOS, 36 g of THF, 38.8 g of HEMA, 13.95 g of H2O and 0.25 g of 2 M HCl were refluxed at 
65 ºC for 3 hrs in a two–neck flask. The mixture was then brought down to room temperature 
252 
 
after which it was subjected to vacuum at room temperature for about 3 hours to extract out the 
ethanol and water that were produced during hydrolysis. When the mixture reached 50 % of its 
initial mass, vacuuming was stopped. There was an obvious increase in the viscosity of the 
transparent solution. Then 21.95 g of GMA containing 54 mg of benzoyl peroxide (BPO) 
dissolved in it were added into the solution, followed by 3 to 5 min of stirring. The viscosity of 
the clear solution decreased after the addition of GMA. The mixture was then vacuumed again 
until all the volatile byproducts were removed i.e., no more weight loss was detected. At this 
point the capping catalyst SnCl4, in the amount of 500 ppm of GMA (by weight) was added and 
further stirring was continued for 30 min under vacuum at room temperature. The transparent 
inorganic–organic hybrid liquid polyacrylate was thus obtained as a viscous fluid and was stored 
at –5 °C for future use.        
c) Preparation of experimental dental composites: The light curable resin mixture was prepared 
by mixing 3 parts (wt.) of the PHGS resin formulation (the synthesis was described in previous 
section) with 1 part (wt.) of an 80:20 (wt.) bis-GMA/TEGDMA resin blend. To this mixture, 0.5 
wt. % CQ and 0.3 wt. % NPG were added to make the resin photocurable. Mesoporous fillers 
(SBA–15 or nonsurfactant templated materials) were mixed with photocurable PHGS resins by 
manual mixing. The composites were filled into glass tubes for compression testing. 
Polymerization was carried out by photocuring for 6 min in a Dentsply Triad II light curing unit 
(Fig. 5.5.a).  
5.2.3. Characterization  
 Nitrogen adsorption–desorption measurements on the fillers were performed on an ASAP 
2010 surface area and pore size analyzer instrument (Micromeritics Inc., Norcross, GA) at –196 
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ºC (liquid nitrogen). Samples were degassed overnight at 60 ºC before analysis. Surface area and 
pore size were calculated using the Micromeritics software. TGA weight loss was performed on 
a TA Q50 Thermogravimetric Analyzer (TA Instruments Inc., New Castle, DE). Samples were 
heated to 800 ºC at 20 ºC/min in air. Scanning electron micrographs (SEM) were obtained using 
a FEI XL30 ESEM (FEI Corp., Hillsboro, OR). FTIR spectra were obtained on a Spectrum One 
instrument (Perkin-Elmer Co., Norwalk, CT), using the attenuated total reflectance (ATR) mode. 
5.2.4. Mechanical testing 
5.2.4.1. Compression testing 
 The postcured composite specimens were tested in compression mode to measure their 
compressive strength and compressive modulus. Test specimens as cylinders were cut according 
to the ASTM D695 standard with typical length of 12.5 mm and diameter of 6 mm using a 
diamond saw. This was followed by grinding/polishing to the precise ASTM specifications 
(length to diameter ratio = 2:1). Tests were performed using a servohydraulic machine (MTS 
Mini-Bionix 2, Eden Prairie, MN) with a cross head speed of 1 mm/min. The compressive 
strength (σ) was calculated using the following equation: 
σ = F / A 
where σ = compressive strength, F = maximum failure load, and A = cross-sectional area of the 
specimen. The moduli of the specimens were determined from the slopes of a straight line fit to 
the initial linear portion of the stress–strain curve. The peak slope value was used to calculate the 
compressive modulus. 
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5.2.4.2. Flexural testing 
 Flexural strength and flexural modulus of the postcured composites were determined by 
the three point bending test. 2 mm × 2 mm × 30 mm rectangular bars were used according to 
ASTM D790. The specimens were loaded to failure in a servo-hydraulic testing machine (MTS 
Mini-Bionix 2, Eden Prairie, MN) at a cross head speed of 1 mm/min. The distance between the 
support beams of the three point test jig was 25 mm. The flexural strength (in MPa) was 
calculated by the formula 
σf = 3 FL/ 2bh2 
where, L is the distance between the supports in mm, F is the failure load (N), b is the width, and 
h is the height of the beam in mm. The flexural modulus (E in GPa) was calculated from 
E =    L3       x   F 
        4 bh3        d 
where, L is the distance between the supports in mm, b and h are the specimen width and height, 
respectively, in mm, and F/d is the slope in the linear region of the load–displacement curve. 
 
5.3. Results and discussion 
5.3.1. Study A. Preparation of experimental dental composites with densely packed 
combinations of nanosilica and nonporous spherical silica fillers 
5.3.1.1. Effect of packing 
 High speed centrifugation (5000 rpm or more) of the unpolymerized monomer–filler 
combination in the glass tube of the compression mold drives the nonporous spherical 
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monodisperse silica fillers to settle and densely pack at the bottom of the tube, under the 
influence of centrifugal force. Upon polymerization of the resin, the fillers could be frozen–in 
into this densely packed state. It was for this reason that the middle and bottom layers from the 
compression mold specimens were used for property evaluation and the top layer was discarded 
(Fig. 5.6). TGA weight loss provides the filler content of the specimen (except for the nanosilica 
hybrid fillers, which had organic functional groups). Data in the fourth column of Table 5.1 
demonstrate the fact that the middle and bottom layers of the composites, which were packed 
under centrifugation, were filler–rich, whereas for the unpacked samples in the top layer, there 
was no difference between the added filler content and that detected by TGA weight loss. This 
was further illustrated upon comparing the TGA weight loss curves of the packed and unpacked 
specimens of 500 nm monodisperse, nonporous SiO2 spheres (Fig. 5.7). 
 Thus, dense packing led to a 7 to 8 % increase in the SiO2 content of the composites, 
which led to a statistically significant improvement in both the compressive modulus and 
strength of the composites. This shows that dense packing can be employed as a means to 
improve mechanical properties of dental composites. The SEM images of the freshly broken 
surface of a packed composite shows random close packing with a thin layer of resin between the 
filler particles (Fig. 5.8.a,b).  
5.3.1.2. Effect of particle size of commercial fillers (sphere diameter) 
 For the unpacked samples, the modulus did not appear to change significantly upon 
increasing particle size (Table 5.1). While there was no difference in compressive strength 
between the 200 and 250 nm fillers, the compressive strength of 500 nm spheres was lower by ~ 
256 
 
20 MPa. Surprisingly, tripling the filler diameter from 500 to 1500 nm did not cause any further 
change in compressive strength for the unpacked samples. 
 In the case of packed samples, there was again no significant difference in modulus upon 
increasing particle size from 200 to 1500 nm. The compressive strength also did not change 
significantly between the packed 200, 250 and 500 nm samples. Also, there was only a slight 
(statistically insignificant) decrease in compressive strength for the 1500 nm sample.  
 These results indicate that the filler content and packing are much more important factors 
in determining compressive properties than filler size.  
5.3.1.3. Effect of adding nonporous hybrid nanosilica filler 
 Data in Table 5.1 show that when a composite was made using 50 wt. % of 13 nm 
nanosilica obtained from Highlink® NanO G, the compressive strength reached 282 MPa, which 
is in the vicinity of that of neat resin 39. Yet, the modulus was higher than neat resin. This 
suggested that combination of nanosilica with the monodisperse spherical fillers of dense packed 
composites might generate materials with improved compressive strength. 
  The last three rows of Table 5.1 show the compressive properties of samples prepared 
with a combination of 13 nm nanosilica fillers and nonporous spherical monodisperse fillers. It is 
clear that adding the nanosilica to the spherical silica in a 1:2 ratio, followed by centrifugal 
packing, generates composites with a marginally greater modulus but a significantly higher 
compressive strength (compared to samples without nanosilica). Apparently the 200 nm spheres 
show even better synergism with the nanosilica than the 500 nm spheres as can be deducted by 
the higher compressive strength. Assuming square packing (where centers of four adjacent 
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spheres would describe the corners of a square), the voids between the 200 nm spheres would be 
~ 83 nm, whereas it would be ~ 207 nm for the 500 nm spheres. The 13 nm nanosilica can pack 
more tightly inside the resin–rich 83 nm voids than it can inside the 207 nm voids. Such packing 
could explain the higher compressive strength of the 1:2 combination of nanosilica with the 200 
nm spheres. Such a high compressive strength is also retained in the 2:1 combination of 
nanosilica with the 200 nm spheres (Table 5.1, last row) but the modulus is significantly 
decreased. This suggests that while the nanosilica reinforcement toughens the composite, it is 
still the discrete (particulate) filler that is responsible for stiffness. 
 Overall, it can be concluded that combining 13 nm nanosilica with nonporous spherical 
silica serves to marginally raise the modulus and greatly enhance the compressive strength of 
dense packed composites. 
5.3.2. Study B. Preparation and mechanical properties of experimental dental composites 
containing a combination of irregular mesoporous and nonporous fillers 
5.3.2.1. Comparison of mesoporous fillers and silane treated nonporous spherical fillers 
 The compressive properties of the composites with 70 wt. % of MPS (silane) treated 500 
nm nonporous fillers can be compared with those of composites with 40 wt. % of irregular 
mesoporous fillers based on the data in Table 5.2. Even at a low filler loading of 40 wt. %, the 
modulus of mesoporous filler containing composites is equal to that of the composites with as 
much as 70 wt. % of silane treated nonporous fillers. A comparison of their compressive 
strengths by unpaired t–test revealed a two–tailed p value of 0.172, indicating no statistical 
difference between them. This is possibly due to the rather high standard deviation with the MPS 
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silane treated samples. While the compressive strength of composites with silanated fillers is still 
relatively high due to their organic content, such composites lacked stiffness. If the modulus of 
these composites is compared to that of the unpacked composite with the same 500 nm filler 
(heat treated but unsilanated) in Table 5.1 (third row), it is significantly lower.  
 It is quite remarkable that a composite with only 40 wt. % of heat treated irregular 
mesoporous filler has similar compressive properties to a composite with 70 wt. % of the 
silanated nonporous filler. This could be attributed to the fact that unlike the silanated nonporous 
fillers, where resin–filler bonding is only limited to the surface, the mesoporous fillers actually 
form an interpenetrating polymer network (IPN) with the resin. The monomer is forced to enter 
the interconnected wormhole–like pore channels of the filler by application of heat and vacuum. 
Therefore, upon polymerization, the resin remains in the pore, forming a ‘nanonecklace’ type 
IPN of polymer chains threaded through the pore channels of the mesoporous silica as illustrated 
in Fig. 5.4.    
 However, neither the compressive nor the flexural properties of the composite with 40 
wt. % mesoporous filler were comparable to Solitaire2™ (Table 5.3), a commercially available 
packable composite for posterior restoration, sold by Heraeus Kulzer. To improve these 
properties, the filler loading of mesoporous fillers needs to be increased. 
5.3.2.2. Composites with combinations of irregular mesoporous and spherical nonporous fillers 
 The previous section (Section 5.3.2.1) stressed the superiority of mesoporous fillers and 
emphasized the need for composites with higher mesoporous filler loadings. While it is easy to 
conceive by simply adding more mesoporous filler into the resin, the solution, in reality, it is not 
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as simple. Due to the high surface area and extensively interconnected pore network of 
mesoporous fillers, a greater amount of resin is needed to absorb inside the pores and to ‘wet’ the 
filler, resulting in lower filler loadings of 40 wt. % 39. Since improved stiffness (as measured by 
modulus) and acceptable toughness (as measured by compressive strength) is generally observed 
in composites with a 60 to 80 wt. % inorganic content, we decided to prepare composites with a 
combination of mesoporous and nonporous silica. This would allow for further increasing of the 
total filler loading by decreasing the overall surface area. Results in Table 5.4 shows that the 
mesoporous silica fillers with irregular geometry employed in this study had a surface area as 
high as 358 m2/g, with a pore volume of 0.53 cm3/g. In contrast, the surface area of the 
nonporous 500 nm spherical silica fillers was only 9.6 m2/g and pore volume was 0.02 cm3/g.   
   Composites with total SiO2 contents of 60 and 70 wt. % were prepared by combining heat 
treated mesoporous fillers with heat treated 500 nm nonporous spheres in a 3:7 weight ratio. As 
expected, 70 wt. % sample had superior properties due to higher SiO2 content. The compressive 
modulus of the composite with 70 wt. % filler was 8.1 GPa and the compressive strength was 
224 MPa (Table 5.2). This combination had a very high flexural modulus of 10.3 GPa, which 
was higher than Solitaire2™ (Table 5.3). In spite of the high stiffness, flexural strength was a 
modest 68 MPa, which is still within the acceptable range for commercial dental composites 87. 
5.3.3. Study C. Preparation and compressive properties of experimental dental composites 
containing spherical mesoporous and nonporous fillers 
 The textural characteristics of the spherical mesoporous filler with a diameter of 690 nm 
used in this study are described in Table 5.4. While the mesoporous spheres have a marginally 
greater surface area, their pore volume is considerably lower than the irregular mesoporous 
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fillers used in Study B. Composites with 50 wt. % filler loadings were achieved using the 
spherical mesoporous filler alone. This is 10 wt. % higher than the loadings with irregular 
mesoporous filler alone (Study B). The lower pore volume of the mesoporous filler is 
responsible for this effect. The greater SiO2 content positively influences the stiffness (Table 
5.5). This can be seen by comparing the modulus of the composite with 50 wt. % spherical 
mesoporous filler with the composite with 40 wt. % irregular mesoporous filler (Study B, Table 
5.2) by an unpaired t-test. The composite with the 50 wt. % spherical mesoporous filler shows 
higher modulus, a result that is statistically significant based on the two–tailed p value of 0.026. 
Furthermore, the same test shows that there is no difference between the compressive strengths 
of the two composites (unpaired t-test p = 0.4), indicating that the composite with 50 wt. % 
spherical mesoporous filler had better stiffness without any significant reduction in toughness. 
 Combining mesoporous and nonporous spherical silica fillers in a 3:7 ratio and 70 wt. % 
filler loading resulted in the composite with the best combination of compressive properties out 
of all of the studies. The modulus of 8.9 GPa and compressive strength of 208 MPa illustrated 
the superior stiffness and toughness of these composites (Table 5.5). These values were 
significantly higher than the composite with 70 wt. % loading of nonporous filler alone. The 
composite with a 3:7 ratio of irregular mesoporous silica to nonporous spheres at a filler loading 
of 70 wt. % (Table 5.2, Study B) had a lower modulus but marginally higher compressive 
strength. The irregular mesoporous fillers have much greater particle size and sharp edges, which 
could result in lower resistance to crack propagation in comparison to a uniform distribution of 
690 nm mesoporous and 500 nm nonporous spheres. This may be the reason for the improved 
modulus of the composite with the mixed spherical mesoporous and nonporous fillers. 
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5.3.4. Study D. Preparation of dental monomer templated mesoporous materials for use as 
fillers in experimental dental composites  
5.3.4.1.(D.I) Evidence of polymerization within the mesopore of 70 wt. % UDMA templated gel 
 The dental monomer urethane dimethacrylate (UDMA), in combination with catalytic 
amounts of CQ and NPG photoinitiators was trapped within the pores of sol–gel silica to afford a 
70 wt. % UDMA templated gel. The photopolymerization of such a gel would convincingly 
prove that photoinitiated dental monomer that was trapped within the mesopore during the 
synthesis process could be polymerized. The concept is schematically illustrated in Fig. 5.9, 
wherein the monomer trapped within the mesopore, as well as the monomer outside the silica 
matrix, have unpolymerized C=C bonds. Upon photocuring with visible light, the C=C double 
bonds polymerize to C–C single bonds, thereby forming a polymer chain that connects the 
material within the pore with that which is outside the silica matrix. 
 The change in color upon polymerization of the gels in Fig. 5.10 provides visual cue of 
the success of the photopolymerization of 70 wt. % UDMA templated gel. The success of 
polymerization is further evidenced qualitatively by the fact that the vinyl peak at 1629 nm in 
FTIR spectrum of the polymerized sample is significantly reduced compared to that before the 
polymerization (Fig. 5.11). 
 Photopolymerized and unpolymerized samples of 70 wt. % UDMA templated gels as 
well as a pure silica control were extracted with ethanol for 7 days. The TGA weight losses of 
the materials before and after ethanol extraction are provided in Fig. 5.12. The pure silica control 
(dashed line) was unaffected by ethanol extraction. The solid line (photopolymerized gel) 
262 
 
showed a 70 % weight loss before and a 65 % weight loss after ethanol extraction, indicating that 
it was also not significantly affected by the process. However, the unpolymerized gel (dotted 
line) showed 70 % weight loss (same as the polymerized gel) before ethanol extraction but only 
10 % (same as pure silica control) after extraction. This meant that while the unpolymerized 
UDMA was easily dissolved in ethanol, the polymer was mostly insoluble. It must be noted that 
UDMA is a di–functional acrylic monomer and that it forms a crosslinked network upon 
polymerization, which, in theory, should be insoluble. Therefore, it can be concluded that in the 
polymerized gels, the UDMA monomer trapped within the pores of the gel was indeed 
crosslinked via photopolymerization. This is also confirmed by the SEM imaging of the ethanol–
extracted samples, which shows a relatively smooth texture for the polymerized sample (Fig. 
5.13.a) and a rough texture for the unpolymerized sample (Fig. 5.13.b), where monomer had 
been washed away. 
 To establish mesoporosity and to further prove the feasibility of polymerization of 
UDMA template within the pores, nitrogen adsorption–desorption experiments were carried out 
on the crushed and ethanol–extracted, polymerized and unpolymerized gels, as well as the pure 
silica control. Results are tabulated in Table 5.6 and the isotherms are plotted in Fig. 5.14. The 
high values of surface area and pore volume (Table 5.6) and the type IV isotherm plot with large 
H2 hysteresis (Fig. 5.14) clearly demonstrate the mesoporosity of the unpolymerized ethanol–
extracted gel. In contrast, the polymerized gel has very low surface area and pore volume, which 
are typical characteristics of a nonporous material.  
 These results convincingly prove the fact that the dental monomer UDMA can act as a 
template to generate mesoporous silica matrices. Upon in situ photopolymerization, the dental 
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monomer (containing catalytic amounts of photoinitiator) polymerizes within the mesopore of 
the silica matrix to form a crosslinked polymer, generating a nonporous composite, insoluble in 
ethanol.       
5.3.4.2.(D.II) Composites with UDMA/TEGDMA templated fillers 
Characterization of the UDMA/TEGDMA (7:3, wt.) templated fillers 
 The 70 wt. % UDMA templated gels (D.I) were not used as fillers in experimental dental 
composites. Instead, fillers templated with varying contents of UDMA/TEGDMA (7:3, wt.) with 
catalytic amounts of CQ and NPG photoinitiators (D.II) were employed in the preparation of 
such composites. Such an approach was taken on two accounts. Firstly, a 70 wt. % UDMA 
templated gel (D.I) may have too high an organic content to be used as a filler, which could 
result in composites with low stiffness. Secondly, pure UDMA within the pore of the filler may 
not polymerize with the bis–GMA/TEGDMA resin, which is applied as the matrix because of the 
high viscosity of UDMA. Therefore, UDMA was replaced by a UDMA/TEGDMA (7:3, wt.) 
mixture as template. The low viscosity TEGDMA component was expected to provide flexibility 
to the polymer chain within the pore and thereby increase conversion. 
 Table 5.7 provides the TGA weight loss and textural characteristics of the 
UDMA/TEGDMA (7:3, wt.) templated silica before and after ethanol–extraction. The 
mesoporosity of the materials after ethanol–extraction of the template can be verified by the 
nitrogen adsorption–desorption isotherms in Fig. 5.15 and the corresponding peaks in the BJH 
desorption average pore size distribution plots (Fig. 5.16). The materials containing 40 and 50 
wt. % of UDMA/TEGDMA (7:3, wt.) template show pronounced H2 hysteresis loops in Fig. 
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15.15 and prominent peaks in Fig. 15.16. This further proves that dental monomers (or mixtures 
of dental monomers) can act as effective nonsurfactant templates for sol–gel mesoporous 
materials, thereby expanding the scope of Study D.I. The TGA weight losses of the as–
synthesized (template containing) samples prior to ethanol extraction (Fig. 5.17) also show that 
targeted filler loadings were achieved. A fructose templated mesoporous filler (ums525F) was 
also prepared for comparison. An additional ums530 sample, containing 30 wt. % of 
photoinitiator–containing UDMA/TEGDMA (7:3, wt.) as template, was synthesized very 
recently using the same procedure as Section 5.2.2.4.a. However, its pore properties have not yet 
been characterized due to current equipment unavailability. 
Flexural properties of experimental dental composites containing UDMA/TEGDMA (7:3, wt.) 
templated filler 
 Experimental dental composites were prepared by mixing the as–synthesized 
UDMA/TEGDMA (7:3, wt.) templated fillers (ums530 and ums540) with light curable resin, 
either alone or in various ratios with heat treated 500 nm nonporous spherical silica fillers. 
Composites with upto 75 wt. % total filler loading were easily achieved. There was no necessity 
for heat or vacuum. The fillers and resin were simply hand–mixed in a vial and stored overnight 
for better ‘wetting’ after which they were filled into molds and polymerized. Flexural properties 
are tabulated in Table 5.8. Of note are the flexural properties of the composite with 70 wt. % 
filler loading (Sr. No. 3, ums540: 500 nm nonporous = 7: 3, wt.). While its modulus was much 
lower than the composite with a combination of irregular mesoporous and 500 nm nonporous 
fillers (Table 5.3, Study B), its flexural strength was higher by about 10 MPa, a statistically 
significant difference (unpaired t test p value = 0.017). This higher flexural strength is very likely 
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due to the greater organic content of the UDMA/TEGDMA (7:3, wt.) templated filler, which can 
be responsible for the lower stiffness. This explanation can be verified by comparing the flexural 
strength of the ums540: 500 nm nonporous sample (Sr. No. 3, Table 5.8) with that of the 
ums530: 500 nm nonporous sample (Sr. No. 4, Table 5.8), which slightly has lower organic 
content. The flexural strength of the ums530: 500 nm nonporous sample is 8 MPa lower 
(statistically significant) and the flexural modulus is marginally higher than ums 540: 500 nm 
nonporous. Increasing the 500 nm nonporous silica content (Sr. Nos. 6 and 7, Table 5.8) also has 
a similar effect. When the 500 nm silica content is increased, the flexural modulus increases to as 
much as 8.9 GPa and flexural strength drops to 46 MPa. These modulus values are comparable to 
the composite with a combination of irregular mesoporous and 500 nm nonporous fillers (Table 
5.3, Study B). Thus, these composites can be tuned for stiffness or toughness by simply adjusting 
the ratio of UDMA/TEGDMA templated (ums) fillers to 500 nm nonporous silica fillers.  
 It should be noted that the UDMA/TEGDMA templated fillers could not be heat treated 
as it would degrade the monomeric template within the pore. Heat treatment at 800 °C not only 
removes the surface silanols but also eliminates small amounts of ethanol and water that are 
always present after synthesis and adversely affect mechanical properties. It also densifies the 
mesoporous silica 88, which results in improved stiffness in the composites. Due to lack of heat 
treatment, the UDMA/TEGDMA templated fillers need to be dried properly. 
 The composites with UDMA/TEGDMA templated fillers did successfully demonstrate 
the novel concept that dental monomer templated mesoporous gels can be used in the as–
synthesized form as fillers for experimental dental composites. In fact, such fillers can also be 
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extended to nanocomposites used in other areas. Further optimization of such composites is 
continuing in our laboratories and very interesting results are expected. 
5.2.5. Study E. Preparation of experimental flowable composites utilizing low viscosity novel 
organic–inorganic acrylic resin monomer as matrix and mesoporous silica as filler   
5.2.5.1. Poly(HEMA-GMA-Silicate) inorganic–organic hybrid resin as a matrix 
 Poly(HEMA-GMA-Silicate), i.e., PHGS hybrid resins with HEMA:GMA ratios of 2:1 
and total silica contents of 10 wt. % (PHGS 2-10) or 20 wt. % (PHGS 2-20), were used as the 
matrix phase in experimental flowable composites. PHGS resins represent a material with 
organic polymer chains covalently attached to an inorganic silicate backbone 83, 84. The synthesis 
was achieved by carrying out acid–catalyzed hydrolysis of TEOS in the presence of HEMA, 
thereby enabling the condensation of the silanol groups on the growing silica network with the 
hydroxyl group of HEMA. Unreacted silanol groups are finally capped with GMA using SnCl4 
catalyst. A material with an inorganic backbone and organic pendant groups is thus generated as 
a prepolymer. The final product is a clear, homogeneous liquid, which leaves behind the targeted 
weight of SiO2 upon heating to 800 ºC. The process is schematically explained in Fig. 5.18. 
However, detailed explanation of the synthesis and characterization of this material is beyond the 
scope of this chapter and can be found in the work by Li et al. 83 and Mylonakis 84.  
 It must be noted that in a macromolecule such as a prepolymer, the number of 
intramolecular covalent bonds far exceeds the intermolecular van der Waal’s distances. When a 
fraction of these van der Waal’s distances are converted into shorter covalent bonds via 
polymerization, there is no significant volume shrinkage (since the number of van der Waal’s 
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distances is rather small to begin with). Therefore, a prepolymer such as PHGS was expected to 
give low volumetric shrinkage, which was verified from the work of Li et al. 82, 83. The last 
column of Table 5.9 shows that the PHGS 2-20 hybrid exhibits a volumetric shrinkage of only 
6.3 % upon polymerization compared to the 9 % shown by 50:50 bis-GMA/TEGDMA resin. 
 Another reason for the choice of PHGS prepolymers as matrix materials was due to the 
comparatively high modulus of the inorganic–organic hybrid polyacrylate formed upon 
polymerization. While modulus of commonly used 50:50 bis-GMA/TEGDMA (neat resin) was 
only 2.7 GPa, it was 3.7 GPa for PHGS 2-10 and as high as 4.0 GPa for PHGS 2-20 (Table 5.9). 
But the compressive strengths of the PHGS hybrids were much lower than neat resin and PHGS 
2-20 showed a lower value than PHGS 2-10, implying that compressive strength decreases with 
increasing silica content in the PHGS hybrids.  
 However, it was found that mixing PHGS 2-20 in a 3:1 (wt.) ratio with bis-
GMA/TEGDMA (80:20, wt.) afforded a material with a compressive strength of 228 MPa and 
yet retaining a modulus of 4.0 GPa (Table 5.9, Sr.No. 4) and also a comparatively low viscosity. 
This mixture was used as the matrix materials for the preparation of the flowable composites 
described in this study. 
5.2.5.2. Characteristics of the experimental flowable composites 
 Novel flowable composites were prepared using the surfactant templated SBA–15 or 
nonsurfactant templated irregular mesoporous materials as fillers and a 3:1 (wt.) mixture of 
PHGS hybrid and bis-GMA/TEGDMA (80:20, wt.) as matrix. The pore properties of the two 
fillers are known to be strikingly different. While the nonsurfactant templated mesoporous fillers 
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of irregular geometry possess a disordered, interconnected network of wormhole–like pores, 
SBA–15 mesoporous fillers have a highly ordered hexagonal pore structure 86. The SBA–15 
material used in this study was heat treated at 900 °C for 6 hours, which resulted in the relatively 
low surface area of 171 m2/g and pore volume of 0.19 cm3/g (Table 5.4). In the flowable 
composite formulations, 0.5 wt. % CQ and 0.3 wt. % NPG were added as photoinitiators.   
Flow properties 
 A vitally important attribute of a flowable composite is its ability to flow into very small 
Class I or Class V cavities where conventional composites cannot be suitably applied due to their 
higher viscosity and amalgam–like handling characteristics. Fig. 5.19.a shows that many 
commercially available flowable composites tend to flow under the effect of gravity alone, 
without application of any other shear force. This is undesirable and may not be acceptable in 
certain Class V restorations. On the other hand, Fig. 5.19.b.i demonstrates that the experimental 
flowable composite prepared using SBA–15 mesoporous filler and 3:1 (wt.) mixture of PHGS 2-
20 hybrid and bis-GMA/TEGDMA (80:20, wt.) matrix (Table 5.9, Sr.No. 7) does not flow on its 
own under gravity. Yet, it does flow easily with the application of shear force (Fig. 5.19.b.ii). 
Such a handling characteristic is desirable during dispensing and manipulation in clinical 
practice. 
Mechanical properties 
 Upon photopolymerization, the mechanical properties of the experimental flowable 
composites were tested under compression mode and the results are tabulated in Table 5.9. The 
results appear to indicate that the modulus is unaffected by the type of mesoporous filler used or 
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the silica content of the resin. But the compressive strength of the composite with irregular 
nonsurfactant templated mesoporous filler was significantly lower compared to that of the 
composite with an identical amount of SBA–15 filler. In fact, this composite with SBA–15 filler 
and PHGS 2-20 in the matrix had a remarkably high compressive strength of 285 MPa, similar to 
neat resin (Table 5.9, Sr.No. 5). The reason for this is not well understood at present, particularly 
because of the lower wall thickness of SBA–15, which was expected to decrease the toughness. 
It would be speculated that the smaller particle size of the SBA–15 (~ 1 μm) compared to 
irregular nonsurfactant templated mesoporous silica (~ 40 mesh or 400 μm) may be responsible 
for this effect. It is highly possible that the sharp edges of crushed irregular nonsurfactant 
templated mesoporous filler may generate defects, particularly in situations of low filler loading 
which is always the case in flowable composites. 
 While this study has shown that PHGS hybrid polyacrylates are effective matrix materials 
for formulating flowable dental composites, filler selection and optimization require attention in 
the future. Flowable composites represent an ideal application where mesoporous fillers can be 
employed, particularly because there is no requirement to maximize filler loadings. Flowable 
composites need further investigation using spherical mesoporous fillers that are smaller in 
particle size and will not have the sharp edges that may generate defects and affect mechanical 
properties. Also, other mesoporous materials, such as MSU–X, MCM–48, etc. also need to be 
examined as fillers for flowable composites.               
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5.4. Conclusions 
 This chapter described several different new approaches to prepare experimental dental 
composites with improved mechanical properties. It was shown that centrifugation at high speed 
afforded densely packed composites (random packing) with superior compressive properties than 
unpacked specimens. The addition of nanosilica filler further enhanced these properties. The 
strategy of using nonsurfactant templated mesoporous fillers in various combinations with 
spherical nonporous fillers was further explored in this work. The mesoporous fillers allowed for 
micromechanical interlocking between filler and matrix and were shown to be more effective 
than silane treated nonporous fillers. Replacing the large sized acid–catalyzed irregular 
mesoporous filler with smaller sized base–catalyzed spherical mesoporous filler afforded higher 
filler loadings. Combining the spherical mesoporous silica with spherical nonporous silica 
generated a composite that represented the optimum balance between modulus and compressive 
strength. Several new composites from this study have shown better or comparable mechanical 
properties than some currently used commercial dental materials such as Solitaire2™. 
 The concept of ‘dental monomer templated mesoporous filler’ was developed in this 
study. It was confirmed that the dental monomer UDMA acted as an effective template for the 
preparation of mesoporous materials and its photopolymerization within the mesopore was 
demonstrated successfully. Experimental dental composites were prepared using 
UDMA/TEGDMA templated mesoporous fillers that contained monomer within the mesopores. 
Preliminary mechanical evaluation showed that such fillers could be combined with 500 nm 
nonporous spheres to produce highly tough (high flexural strength) or highly stiff (high flexural 
modulus) composites.  
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 Experimental flowable composites with low filler loadings (< 40 wt. %) were prepared by 
combining different types of mesoporous fillers with PHGS inorganic–organic hybrid resins. The 
flow properties of the materials were superior to some commercial dental composites. As 
expected, the materials had rather high compressive strengths and comparatively lower 
compressive modulus. The values of both modulus and compressive strengths were within the 
upper range of the commercially available flowable composites but lower than conventional 
composites 79. 
 
5.5. Future work and acknowledgments 
 The studies in this chapter were intended to generate preliminary data regarding the 
various approaches to prepare dental composites with high mechanical strengths. While the 
results mentioned here generally show the advantages of using mesoporous fillers and dense 
packing, they are by no means complete. Extensive research into the preparation and 
characterization of experimental composites using various combinations of mesoporous and 
nonporous materials is still required and might be proven a promising new field of materials 
study. Some approaches that have not been investigated here are the use of in situ organo–
functionalized mesoporous fillers as well as mesoporous fillers modified by post–synthesis silane 
treatment. The use of porous zirconia and other metal alkoxides as a filler is another approach 
that needs attention. Besides flexural and compressive properties, values of wear resistance, 
volume shrinkage and hydrolytic stability are extremely important if mesoporous fillers are 
intended for use in commercial dental composites. At our suggestion, this work is currently being 
carried out by PhD candidate and Biomaterials Lecturer Ms. Dalia Sherief at Ain Shams 
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University, Cairo, Egypt, under co–supervision of Prof. Yen Wei. Also, since nanosilica and 
UDMA/TEGDMA templated (ums series) fillers were both found to improve toughness, a 
combination of the two might offer substantial improvement in flexural and compressive 
strengths of experimental composites. 
 I am extremely grateful to Dr. Solomon P. Samuel at Albert Einstein Medical Center for 
his contributions to this work and for sharing his expertise in the field as well as for support with 
mechanical testing. Additionally, I wish to thank Dr. Andreas Mylonakis for providing the PHGS 
hybrids and for preparing the SBA–15 fillers and also Mr. James Sullivan and Ms. Jennifer Chen 
for their assistance and enthusiasm. The financial support from NIH (No. DE09848) is gratefully 
acknowledged.  
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Table 5.1. (Study A) Results of dense packing experiments with nanosilica and nonporous spherical silica fillers. 
 
Filler type and comination Packing method % Filler (added)
%SiO2 
(TGA) 
Modulus 
(GPa) 
Compressive 
Strength (MPa) 
200 nm spheres No packing 60 60 6.63±0.35 (6) 171.3 ± 8.8 (6) 
250 nm spheres No packing 60 60 6.3 ± 0.32 (4) 161.0 ± 8.0 (4) 
500 nm spheres No packing 60 60 6.5 ± 0.42 (4) 140.2 ± 17.4 (4) 
1500 nm spheres No packing 60 60 6.5 ± 0.95 (4) 139.96 ± 0.8 (4) 
200 nm spheres Centrifuged @ 5000rpm, 10min 60 68 7.3 ± 0.7 (9) 178.2 ± 18.1 (9) 
250 nm spheres Centrifuged @ 5000rpm, 10min 60 67 7.2 ± 0.37 (4) 173.2 ± 16.2 (4) 
500 nm spheres Centrifuged @ 5000rpm, 10min 60 68 7.82 ± 0.32 (3) 182.2 ± 6.52 (3) 
1500 nm spheres Centrifuged @ 5000rpm, 10min 60 67 7.6 ± 0.7 (4) 156.9 ± 14.9 (4) 
13 nm nanosilica No packing 50 49 5.8 ± 0.15 (3) 282 ± 1.3 (3) 
13 nm nanosilica + 200 nm 
spheres (1:2 by wt.) Centrifuged @ 5000rpm, 10min; 10000rpm 15min 60 68 8.22 ± 0.6 (5) 243.8 ± 14.1 (3) 
13 nm nanosilica + 500 nm 
spheres (1:2 by wt.) Centrifuged @ 5000rpm, 10min; 10000rpm 15min 60 68 8.0 ± 0.8 (11) 219.1 ± 15.4 (11)
13 nm nanosilica + 200 nm 
spheres (2:1 by wt.) Centrifuged @ 5000rpm, 10min; 10000rpm 15min 60 68 6.6 ± 0.25 (4) 253.6 ± 22.3 (4) 
274 
 
Table 5.2. (Study B) Compressive properties of experimental dental composites containing 
mesoporous and monodisperse 500 nm spherical nonporous silica (SiO2) fillers. The number of 
specimens tested is given in parenthesis. The mesoporous fillers used in this study had irregular 
morphology. 
 
 
 
 
 
 
 
Sample 
Compressive 
Modulus           
(GPa) 
Compressive 
strength             
(MPa) 
Neat resin (50:50 bis-GMA/TEGDMA) 2.7 ± 0.12 (6) 274 ± 35 (6) 
MPS treated 500 nm nonporous spherical SiO2       
(total  SiO2 = 70 wt. %) 
5.7 ± 0.4 (6) 227 ± 53 (6) 
Mesoporous (total filler = 40 wt. %) 5.7 ± 0.14 (5) 191 ± 10 (5) 
Mesoporous + 500 nm nonporous SiO2           
(total  SiO2 = 60 wt. %) 
mesoporous: nonporous ≡ 3:7 (wt.) 
6.4 ± 0.13 (5) 186 ± 14 (5) 
Mesoporous + 500 nm nonporous SiO2           
(total  SiO2 = 70 wt. %) 
mesoporous: nonporous ≡ 3:7 (wt.) 
8.1 ± 0.5 (6) 224 ± 8 (6) 
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Table 5.3. (Study B) The three point flexural modulus and strength of experimental dental 
composites containing mesoporous and 500 nm monodisperse nonporous spherical silica (SiO2) 
fillers. The number of specimens tested is shown in parenthesis. The mesoporous fillers used in 
this study had irregular morphology. 
 
 
 
 
 
 
 
 
 
Sample Flexural modulus   (GPa) 
Flexural strength   
(MPa) 
Mesoporous (total SiO2 = 40 wt. %) 6.7 ± 0.5 (6) 72 ± 16 (6) 
Mesoporous + 500 nm nonporous SiO2                 
(total SiO2 = 70 wt. %) 
mesoporous: nonporous ≡ 3:7 (wt.) 
10.3 ± 0.8 (6) 68 ± 9 (6) 
Solitaire 89 4.4 ± 0.3 (10) 82 ± 10 (10) 
Solitaire® 2 9.1 ± 0.5 (10) 117.6 ± 4.3 (10) 
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Table 5.4. BET surface area and pore volume of the various mesoporous SiO2 fillers used in 
studies B, C and E as well as of 500 nm nonporous SiO2 filler. All mesoporous fillers were 
solvent–extracted with water to remove template. All fillers were heat–treated. 
 
 
 
 
 
 
 
 
 
 
 
Sample 
BET    
Surface Area 
(m2/g) 
Pore Volume  
(cm3/g) 
Irregular mesoporous filler (Study B, E) 358 0.53 
690 nm spherical mesoporous filler (Study C) 408 0.35 
SBA–15 mesoporous filler (Study E) 171 0.19 
500 nm spherical nonporous filler 9.6 0.02 
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Table 5.5. (Study C) Compression properties of experimental dental composites containing 
monodisperse spheres of 690 nm mesoporous and 500 nm nonporous silica (SiO2) fillers. The 
number of specimens tested is given in parenthesis. 
 
 
 
 
 
 
 
 
 
Sample description 
Compressive 
Modulus        
(GPa) 
Compressive 
Strength        
(MPa) 
500 nm nonporous spheres (total SiO2 = 70 wt. %) 7.13 ± 0.8 (8) 182.6 ± 15 (8) 
690 nm mesoporous spheres (total SiO2 = 50 wt. %) 6.6 ± 0.7 (3) 178.1 ± 31 (3) 
690 nm mesoporous spheres + 500 nm nonporous spheres    
(total filler = 70 wt. %) 
mesoporous: nonporous ≡ 3:7 (wt.) 
8.9 ± 0.6 (3) 208.2 ± 6.8 (3) 
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Table 5.6. (Study D.I) BET surface area and pore volume of crushed and ethanol–extracted 70 
wt. % UDMA templated gel (I) samples after washing with ethanol. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
70 wt. % UDMA templated gel (I) 
(Ethanol washed) 
BET    
Surface Area 
(m2/g) 
Pore 
Volume 
(cm3/g) 
Unpolymerized 975 1.002 
Polymerized 3 0.002 
Control (pure SiO2, no UDMA template) 634 0.370 
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Table 5.7. (Study D.II) TGA weight loss and textural properties of UDMA/TEGDMA (7:3, wt.) 
templated fillers of varying template content. 
 
 
 
a as-synthesized, no template extraction 
b after EtOH extraction 
c fructose templated, template extracted with water 
 
 
 
 
 
Sample 
name 
 Targeted 
template 
content   
(wt. %) 
TGA 
weight 
lossa 
(wt. %) 
BET 
surface 
area  
(m2g-1)a 
Pore 
volume 
       
(cm3g-1)a 
Hysterisis 
typeb       
          
BET 
surface 
area     
(m2g-1)b 
Pore 
volume 
      
(cm3g-1)b 
Pore 
diameter
       
(nm)b 
ums500 0 12 508 0.29 I 602 0.34 2.8 
ums515 15 20 263 0.15 I 687 0.39 2.8 
ums525 25 28 72 0.05 IV 880 0.51 2.8 
ums540 40 40 0.95 0.002 IV 1015 0.62 2.9 
ums550 50 56 1.3 0.003 IV 1090 0.78 3.3 
ums525Fc 25 28 92 0.052 IV 733 0.46 2.9 
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Table 5.8. (Study D.II) Flexural properties of experimental dental composites containing 
UDMA/TEGDMA (7:3, wt.) templated fillers and 500 nm nonporous silica (SiO2) fillers. The 
number of specimens tested is given in parenthesis. Note: total filler wt. % is not same as total 
SiO2 wt. %. 
 
Sr.No. Sample 
Flexural 
modulus   
(GPa) 
Flexural 
strength   
(MPa) 
1 Neat resin (50:50 bis-GMA/TEGDMA) 4.3 ± 0.28 (2) 111.4 ± 21.6 (2) 
2 ums540 (total filler = 50 wt. %) 5.3 (1) 41 (1) 
3 ums540 + 500 nm nonporous SiO2                     
(total filler = 70 wt. %) 
ums540: nonporous ≡ 7:3 (wt.) 
7.2 ± 0.2 (6) 79.4 ± 3.9 (6) 
4 ums530 + 500 nm nonporous SiO2                     
(total filler = 70 wt. %) 
ums530: nonporous ≡ 7:3 (wt.) 
7.5 ± 0.1 (6) 71.2 ± 3.5 (6) 
5 ums540 + 500 nm nonporous SiO2                    
(total filler = 75 wt. %) 
ums540: nonporous ≡ 2:1 (wt.) 
7.5 ± 0.34 (5) 70 ± 5 (5) 
6 ums540 + 500 nm nonporous SiO2                     
(total filler = 75 wt. %) 
ums540: nonporous ≡ 8:7 (wt.) 
8.3 ± 0.4 (6) 56 ± 4 (6) 
7 ums530 + 500 nm nonporous SiO2                     
(total filler = 75 wt. %) 
ums530: nonporous ≡ 7:8 (wt.) 
8.9 ± 0.6 (5) 46 ± 2 (5) 
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Table 5.9. (Study E) The properties of experimental flowable composites in compression mode. 
The number of specimens tested is given in parenthesis. Both the mesoporous fillers used in this 
study had irregular morphology. 
 
Sr. No Sample description 
Compressive 
Modulus       
(GPa) 
Compressive 
Strength       
(MPa) 
% Vol. 
Shrinkage 
1 Neat resin (50:50 bis-GMA/TEGDMA) 2.7 ± 0.12 (6) 274 ± 35 (6) 9.07 90 
2 PHGS 2-10 (total SiO2 = 10 wt. %) 83 3.7 ± 0.06 (6) 209 ± 27 (6)  6.7 
3 PHGS 2-20 (total SiO2 = 20 wt. %) 83 4.0 ± 0.10 (6) 183 ± 10 (6)  6.3 
4 
PHGS 2-20 + 80:20 bis-GMA/TEGDMA (total 
SiO2 = 15 wt. %) 
PHGS 2-20: bis-GMA/TEGDMA ≡ 3:1 (wt.) 
4.0 ± 0.14 (5) 228 ± 39 (5)   
5 
PHGS 2-10 + 80:20 bis-GMA/TEGDMA + 
SBA 15  
(total SiO2 = 27.5 wt. %) 
PHGS 2-10: bis-GMA/TEGDMA ≡ 3:1 (wt.) 
4.7 ± 0.6 (5)  285 ± 10 (5)   
6 
PHGS 2-10 + 80:20 bis-GMA/TEGDMA + 
Irregular mesoporous filler (nonsurfactant 
templated) 
(total SiO2 = 27.5 wt. %) 
PHGS 2-10: bis-GMA/TEGDMA ≡ 3:1 (wt.) 
5.0 ± 0.1 (4)  213 ± 8 (4)   
7 
PHGS 2-20 + 80:20 bis-GMA/TEGDMA + 
SBA 15 
(total SiO2 = 35 wt. %) 
PHGS 2-20: bis-GMA/TEGDMA ≡ 3:1 (wt.) 
5.2 ± 0.1 (5)  259 ± 6 (5)   
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Fig. 5.1. Schematic of Wan et al.’s method for the preparation of close packed composites 23. 
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Fig. 5.2. a) Schematic of composite with bimodal filler size distribution 25 b) Higher total filler 
loading in dental composites with fillers of trimodal particle size. 
 
 
 
a 
b 
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Fig. 5.3. Schematic of a filler with a roughened surface 51. 
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Fig. 5.4. Schematic illustration of the difference in micromechanical bonding between 
mesoporous fillers with interconnected pores (left) and semiporous or nonporous fillers with 
surface pores (right). 
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Fig. 5.5. Light curing units: a) Dentsply Triad II b) Prototech LED curedome c) Dentsply Enterra 
a
b
c
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Fig. 5.6. (Study A) Schematic of specimens with and without packing under centrifuge. 
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Fig. 5.7. (Study A) TGA weight loss of samples with 500 nm nonporous and 13 nm nanosilica 
fillers, with and without packing.  
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Fig. 5.8. (Study A) SEM images of broken packed composite surface a) Zoomed–out image 
showing packing b) Zoomed–in image showing thin layer of resin between filler particles. 
a 
b 
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Fig. 5.9. (Study D) Concept of polymerization within mesopore of dental monomer templated 
silica. 
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Fig. 5.10. (Study D.I) Visual evidence of polymerization of 70 wt. % UDMA templated 
mesoporous gel (D.I). 
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Fig. 5.11. (Study D.I) FTIR spectrum of 70 wt. % UDMA templated mesoporous gels (D.I) 
before and after polymerization with respect to pure SiO2 control. 
 
 
 
 
 
 
 
1629 nm 
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Fig. 5.12. (Study D.I) TGA weight losses of 70 wt. % UDMA templated mesoporous gel (D.I) 
before and after polymerization with respect to pure SiO2 control. a) before washing with ethanol 
b) after washing with ethanol. 
 
 
 
 
 
 
 
a b
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Fig. 5.13. (Study D.I) SEM images of ethanol–extracted 70 wt. % UDMA templated mesoporous 
gel (D.I) a) polymerized b) unpolymerized. 
 
 
 
 
 
 
 
a b
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Fig. 5.14. (Study D.I) Nitrogen adsorption–desorption isotherms of ethanol–extracted 70 wt. % 
UDMA templated mesoporous gels (D.I) before and after polymerization with respect to pure 
SiO2 control. Inset: BJH desorption average pore diameter of the unpolymerized and control 
samples. 
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Fig. 5.15. (Study D.II) Nitrogen adsorption–desorption isotherms of UDMA/TEGDMA (7:3, wt.) 
templated mesoporous silicas after ethanol–extraction of template. 
ums500 ≡ 0 wt. % UDMA/TEGDMA template (pure SiO2) control 
ums515 ≡ 15 wt. % UDMA/TEGDMA template 
ums525 ≡ 25 wt. % UDMA/TEGDMA template 
ums540 ≡ 40 wt. % UDMA/TEGDMA template 
ums550 ≡ 50 wt. % UDMA/TEGDMA template 
ums525F ≡ 25 wt. % fructose template 
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Fig. 5.16. (Study D.II) BJH desorption pore size distribution plots of UDMA/TEGDMA (7:3, 
wt.) templated mesoporous silicas after ethanol–extraction of template. 
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Fig. 5.17. (Study D.II) TGA weight losses of as–synthesized UDMA/TEGDMA (7:3, wt.) 
templated mesoporous materials prior to template extraction.   
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Fig. 5.18. (Study E) Reaction scheme for the preparation of poly(HEMA-GMA-Silica) hybrid 
resin. 
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Fig. 5.19. (Study E) a) Comparison of flow properties of commercial flowable composites under 
the effect of gravity. b) Flow properties of experimental flowable composite with 35 wt. % 
SBA–15 mesoporous filler and 3:1 (wt.) mixture of PHGS 2-20 hybrid and bis-GMA/TEGDMA 
(80:20, wt.) matrix i) under gravity (no shear) ii) under shear.   
 
 
 
 
 
 
 
 
a b.i b.ii
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Chapter 6: Novel bio–based and thermally cross–linkable poly[(arylenedioxy)– 
(diorganylsilylene)]s based on curcumin   
 
6.1. Introduction  
6.1.1. Structure and nomenclature of curcumin 
 Turmeric is a dried, ground rhizome of Curcuma longa, a perennial herb found 
commonly in Southeast Asia 1. The use of this yellow powder as a spice and coloring agent in 
Indian cooking and as a therapeutic agent in traditional Indian and Chinese medicine has been 
known for centuries. Turmeric contains phenolic compounds called curcumoids that impart the 
characteristic yellow color 2. Of these, curcumin [1,7–bis–(4–hydroxy–3–methoxyphenyl)–1,6–
heptadiene–3,5–dione] (also called diferoyl methane), as the principle ingredient, accounts for 
about 77%, demethoxycurcumin for about 17% and bisdemethoxycurcumin about 3% 3. All three 
curcumoids are diphenolic compounds, where the phenolic units are linked on either side of a β–
diketone unit via C=C double bonds (Scheme 6.1). 
OH
OCH 3
O O
O H
OCH 3
OH
OCH 3
O O
O H
OH
O O
O H
curcumin
demethoxycurcumin
b isdemethoxycurcumin  
Scheme 6.1. Structure of the three major curcumoids present in turmeric. 
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6.1.2. Medicinal and therapeutic benefits of curcumin 
 The popularity of turmeric in traditional medicine is so prevalent that it has prompted 
pharmaceutical companies to make turmeric–containing ‘band–aids’ and creams for the Indian 
market 3.  
 In recent years, a large amount of experimental data has established the 
chemopreventive and chemotherapeutic properties of curcumin 4-9, which has led to numerous 
efforts towards drug development 10, 11. Further, curcumin has also been shown to be an effective 
therapeutic for a variety of other conditions. Four out of eight patients with idiopathic 
inflammatory orbital pseudotumors recovered completely when treated for an extended period 
with curcumin 12. It was also shown to reduce symptoms of irritable bowel syndrome 13 and 
tropical pancreatitis 14. Curcumin has also been demonstrated to be effective against other 
diseases and biological conditions, such as cystic fibrosis 15, Alzheimer’s disease 16, malaria 17 
and rheumatoid arthritis 18. Preliminary data suggest that curcumin also has strong anti–HIV 
activity 19.   
 Curcumin also has remarkable antioxidant properties 20. Jacob et al.21 reported that the 
anti–inflammatory function of curcumin is perhaps one of its most important properties. Kohli et 
al.22 and Chainani and Wu 23 published excellent reviews on the anti–inflammatory activity of 
curcumin. The promising biological effects of curcumin have led to a host of other review 
articles on the subject 3, 24-26.  
6.1.3. Mechanism of antioxidant activity of curcumin 
 Priyadarsini et al. claimed that the phenolic OH plays an essential role in the antioxidant 
activity of curcumin 27. However, non–phenolic derivatives of curcumin (diarylheptanoids 
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lacking phenolic OH) have been shown to possess anti–inflammatory activity in at least three 
cases 28-31. In fact, Jovanovic et al. state that “It is a common prejudice that a phenolic part of any 
molecule is always responsible for the antioxidant activity.” 32. According to them, the 
abstraction of the H atom from the methylene (CH2) group of the β–diketone unit is responsible 
for the antioxidant properties of curcumin. Their proposed mechanism is shown in Scheme 6.2. 
Hence, non–phenolic derivatives of curcumin can also possess anti–inflammatory properties.   
 
Scheme 6.2. Mechanism of antioxidant action of curcumin according to Jovanovic 32. 
6.1.4. Curcumin in polymer chemistry 
 In the field of polymer chemistry, curcumin has been used as an environmentally 
friendly and economical photoinitiator 33, 34. Suwantong et al. 35 and Gopinath et al. 36 reported 
the fabrication of curcumin–containing electrospun cellulose acetate mats and curcumin– 
incorporated collagen films, respectively, exploiting the anti–inflammatory function of curcumin. 
Raja et al. employed click chemistry to prepare a PAMAM dendrimer curcumin conjugate 37. In 
addition, poly(vinyl chloride) was functionalized with curcumin by employing a nucleophilic 
substitution reaction to prepare a polymer that undergoes fluorescent quenching 38. Curcumin 
was also used as a colorant for silicone–based elastomers 39, as well as for PET and PHB plastics 
40. However, so far there has been only one report on the synthesis of a polymer using curcumin 
as a monomer 7. In this work, Matsumi et al. 41 synthesized polyesters by polycondensation of 
acid chlorides with the phenolic group of curcumin.  
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6.1.5. Polysiloxanes 
 Polysiloxanes (a.k.a. silicones) can be prepared by reacting dialkyl or diaryl 
dichlorosilanes with water, resulting in the elimination of hydrogen chloride 42 (Scheme 6.3).  
Si
R
2
R
1
Cl Cl + OH2
- HCl
Si
R
2
R
1
O
n
 
Scheme 6.3. Synthesis of polysiloxanes by hydrolysis of dialkyl or diaryl dichlorosilanes.  
 The strength of the Si–O bond imparts substantial thermal stability whereas its length 
provides greater flexibility and oxygen permeability to these materials 43. The attachment of 
pendant groups to every other (as opposed to every) backbone atom as well as the large bond 
angle of 144º at the Si–O bond lead to high torsional mobility and results in the remarkable 
flexibility of these materials 44. Polysiloxanes are also known to be highly biocompatible 
materials 45, 46. Srividhya et al. have attributed the superior biocompatibility of polysiloxanes to 
their low chemical reactivity, hydrophobicity and low surface energy 47. These materials, 
particularly polydimethylsiloxanes, have found applications in contact lenses 48, artificial heart 
valves 44, medical adhesives 49, etc.  
 However, the very high flexibility of silicones leads to comparatively low Tg and 
viscous flow at low temperature 50, 51. This leads to relatively poor mechanical properties, which 
can be a disadvantage for certain applications (particularly orthopedic) where some extent of 
rigidity is required 51, 52. The addition of aromatic rings in the backbone can increase the rigidity 
of the polymer rather significantly, thereby raising the Tg and generating improved mechanical 
properties 53, 54.  Another major benefit of including aromatic units into the siloxane backbone 
chain is to avoid the undesirable depolymerization process which tends to generate cyclics 55. 
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 The incorporation of an aromatic unit in the backbone is achieved by reacting a siloxane 
precursor with a reagent that carries the phenolic unit. While this can be achieved via many 
routes, only those routes that involve use of diphenolic units were of interest. In 1977 Steffen 
patented a method of synthesizing poly[(arylenedioxy)–(diorganylsilylene)]s by reacting 
hydrosilanes with the diphenol in a reaction catalyzed by bases, Lewis acids, or hydrogenation 
catalysts 56. However, the generation of large volumes of potentially explosive hydrogen gas and 
the use of relatively high temperatures (~ 100 ºC) makes this reaction less attractive for large 
scale synthesis. Saegusa et al. prepared three different poly[(arylenedioxy)–(diorganylsilylene)]s 
by reacting dianilinodiphenylsilane and the corresponding diphenolic compounds 53. However, 
again, the production of toxic aniline as byproduct is a major drawback.  
 In 1982, Yajima et al. synthesized poly[(phenylenedioxy)–(diphenylsilylene)]s by  
reacting hydroquinone and dichlorodiphenyl silane in the presence of tetrahydrofuran as solvent 
57. This simple and relatively safe reaction, using an acid scavenger, such as triethylamine or 
pyridine was also employed by Tamai et al. 58 to produce a variety of poly[(arylenedioxy)– 
(diorganylsilylene)]s with different biphenolic units in the backbone, as well as by Liaw and 
Liaw 59 for the synthesis of poly[(2,2’–dimethyl biphenylenedioxy)–(diphenylsilylene)]. This 
method is illustrated in Scheme 6.4. The reaction could be performed even at room temperature. 
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Scheme 6.4. Preparation of poly[(arylenedioxy)–(diorganylsilylene)]s via reaction of diorganyl 
dichlorosilane with aromatic diol in presence of acid scavenger (triethylamine, TEA). 
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6.1.7. Curcumin based polysiloxanes: A bio–based scaffold material with possible anti–
inflammatory properties  
 In this research, a series of poly[(arylenedioxy)–(diorganylsilylene)]s were prepared 
through a polycondensation reaction between diorganodichlorosilanes and the phenolic groups of 
curcumin (Scheme 6.5). The organic groups in diorganodichlorosilanes included phenyl, vinyl, 
methyl and n–octyl groups that afforded poly[(arylenedioxy)(diphenylsilylene)] (PDSC), 
poly[(arylenedioxy)(vinyl phenylsilylene)] (VPSC), poly[(arylenedioxy)(dimethylsilylene)] 
(PMSC) and poly[(arylenedioxy)(di–n–octylsilylene)] (POSC). These materials represent the 
first high molecular weight polymers that contain the β–diketone unit of curcumin, as well as the 
Si–O bond in the backbone. Such materials may find applications as implant or scaffold 
materials with reduced inflammation characteristics. The fact that one of the monomers, i.e., 
curcumin, is bio–regenerable and derived from a perennial plant source is an added benefit. The 
polymers described in this research therefore represent a class of bio–based and potentially 
biocompatible materials with unique thermal properties.        
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Scheme 6.5. Polycondensation of diorganodichlorosilane with curcumin for the synthesis of 
poly[(arylenedioxy)–(diorganylsilylene)]s.  
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6.2. Experimental section 
6.2.1. Materials 
 Curcumin (mixture of curcumin, demethoxycurcumin, and bisdemethoxycurcumin), 98+ 
% (cat. # 218580100); triethylamine, 99 % (TEA, cat. # 15791) and tetrahydrofuran, anhydrous, 
99.9 % (THF, cat. # 181500010) were purchased from Acros Organics. Diphenyldichlorosilane 
(cat. # SID4510.1), dimethyldichlorosilane (cat. # SID4120.1), di–n–octyldichlorosilane (cat. # 
SID4400.0) and vinylphenyldichlorosilane (cat. # SIV9092.0) were purchased from Gelest, Inc. 
Chloroform (Fisher BioReagents) and tetrahydrofuran were purified by distillation and were 
stored with molecular sieves. Methanol was obtained from Pharmco-Aaper. All other reagents 
were used as received. 
6.2.2. Polymer synthesis 
 The polycondensation between diorganodichlorosilane and curcumin was carried out in 
tetrahydrofuran (THF) solvent under nitrogen atmosphere in the presence of triethylamine (TEA) 
as HCl scavenger. In a typical procedure for the synthesis of poly[(arylenedioxy)– 
(diphenylsilylene)]s (PDSC), 3.68 g (10 mmol) of curcumin, 2.13 g TEA (21 mmol) and 15 mL 
THF were charged into an oven–dried 50 mL three–neck round bottom flask equipped with a 
magnetic stir bar, a Liebig condenser and a thermometer. The flask was immediately placed 
under nitrogen purge and heated to 60 °C. A flow of cold water through the condenser prevented 
the evaporation of THF and TEA. The reaction mixture became a red, nearly transparent solution 
at 60 °C. At this point, a solution of 2.66 g (10.5 mmol) of diphenyldichlorosilane in 15 mL of 
THF was added dropwise over a period of 60 min. The reaction mixture turned increasingly 
lighter in color until it acquired a yellow appearance. In the meantime, precipitation of 
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triethylamine hydrochloride salt was observed. This yellow suspension was allowed to react for a 
further 15 hours. Upon cooling to room temperature, 17 g of this suspension was added dropwise 
into 400 mL methanol. A yellow precipitate was obtained. This was the crude polymer. It was 
dried overnight in ambient conditions, following which it was re-suspended in chloroform and 
filtered three times through fine pore (Whatman 42) filter paper (gravity filtration). The final 
filtrate was re-precipitated in methanol, after which it was dried overnight in a vacuum oven at 
60 °C. This purified polymer was obtained as a yellow powder (80% yield).  
6.2.3. Characterization 
 Molecular weights were determined using a Waters 590 (Waters Corp., Milford, MA) 
system equipped with a Phenogel 1µ 103 A column (Phenomenex, Torrance, CA) and a Waters 
410 refractive index detector. Elution rate was maintained at 1 mL/min. THF was used as eluent 
for all cases and polystyrene standards were used for calibration. 1HNMR spectra were obtained 
on a 500 MHz UnityInova instrument (Varian Inc., Palo Alto, CA). FTIR spectra were acquired 
on a Perkin-Elmer Spectrum One FTIR spectrometer (Perkin-Elmer Co., Norwalk, CT), using 
the attenuated total reflectance (ATR) mode. Differential scanning calorimetry (DSC) was 
performed using a heat–cool–heat cycle at a rate of 15 °C/min in nitrogen on a TA Q100 
instrument (TA Instruments Inc., New Castle, DE). Thermogravimmetric analysis (TGA) was 
run in both nitrogen and air at 10 °C/min on a TA Q50 instrument. Images of the cell-
proliferation on the polymer films were obtained using a phase contrast microscope (Nikon, 
Melville, NY). Elemental analysis was performed by Robertson Microlit Laboratories. Parallel 
plate rheology was performed on a AR2000 rheometer (TA Instruments Inc., New Castle, DE), 
equipped with 8 mm parallel plates and a 500 micrometer gap, under nitrogen. Shear rate was 
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maintained at 10-5 sec-1 with displacement at 1 % strain (10-3 radians) and an oscillation 
frequency of 1 Hz.  
6.2.4. Cell culture 
 Cell viability was studied by culturing H9c2 cardiac myoblasts (ATCC, Manassas, VA) 
onto the surfaces of polymeric films following similar procedures in the literature60-63. The films 
were prepared by dissolving the polymer in THF, followed by applying a small quantity of the 
solution onto a glass petridish and, then drying in ambient conditions. Cells were expanded in T-
125 flasks, supplemented with Dulbecco’s Modified Eagles Medium (ATCC, Manassas, VA), 10 
% Fetal Bovine Serum (Invitrogen, Carlsbad, CA), and 0.01 % Penicillin/Streptomycin. Once 
confluent, the 9th passage cells were cleaned with phosphate–buffered saline, trypsinized, and 
centrifuged at 800 RPM for 8 min. After centrifugation, the supernatant was aspirated off and the 
cell pellet was re-suspended in 8 mL of the aforementioned medium. An aliquot of 1 mL of 
medium (approximately 1x105 cells) was administered onto the polymer-coated petri dishes. The 
cells were resupplied with fresh medium every two days. After two weeks of cells growth, 
pictures were taken using a Nikon phase contrast microscope. 
 
6.3. Results and discussion 
6.3.1. Polymer synthesis and appearance of the polymer 
 The polycondensation reaction was carried out in a nitrogen atmosphere to avoid the 
undesirable reaction of diorganodichlorosilane with moisture, which could affect the 
stoichiometry and lead to a decrease in molecular weight. A small stoichiometric excess of the 
silane was used to counter any traces of moisture in the reactants. The condensation product, 
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HCl, was removed from the polymerization system by reacting with triethylamine to form 
triethylamine hydrochloride salt as precipitate, which drove the equilibrium favorably to the 
production of polymers. The salt formation, accompanying a color change in the suspension, was 
indicative of the progress of polymerization reactions.  
 The polymer suspension was precipitated in methanol due its ability to dissolve both 
unreacted curcumin and the salt. The crude polymer was suspended in chloroform prior to 
filtration since chloroform dissolved the polymers, but the residual impurities (i.e. the salt and 
curcumin) were hardly soluble in chloroform 41. Filtration also helped eliminate any possible 
crosslinked material produced as a result of traces of trichlorosilane in the reactant. 
 The pure, methanol–precipitated polymers were obtained as a yellow powder in case of 
PDSC and VPSC and as an orange powder for PMSC. POSC was obtained as a brown, sticky, 
tar–like material.  
6.3.2. Structure characterization 
 The polymer structures were characterized using 1HNMR,13CNMR,  FTIR and 
elemental analysis. 1HNMR spectra for all the polymers are shown in Fig. 6.1 and representative 
1HNMR and 13CNMR spectra of PMSC are provided in Fig. 6.2.a and b respectively. All the 
peak assignments for the backbone unit match well with the integral values. The presence of an 
OH peak at ~16 ppm, as well as the presence of the methine proton at ~5.8 ppm, shows that the 
β–diketone unit tends to be in the enol form. This fact is in agreement with Matsumis’ work on 
polyesters containing curcumin in the backbone 41 and is also verified by the presence of a broad 
OH peak at 3560 cm-1 in the representative FTIR spectrum (Fig. 6.3). The broad band in the 
900–1000 cm-1 region corresponds to the Si–O–Ph stretching 64. Furthermore, the %C and %H 
values obtained from elemental analysis match very closely to the calculated theoretical content 
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of these elements in the backbone structure (Table 6.1). These results are consistent with the 
targeted structures of the repeat units in the polymers as shown in Scheme 6.5. 
6.3.3. Determination of molecular weight 
 The GPC traces of the polymers are shown as plots of intensity against elution time in 
Fig. 6.4.a. The traces are re-plotted as intensity vs. molecular weight after calibration with the 
polystyrene standards in Fig. 6.4.b. The plots appear to be in the shape of bell curves with 
polydispersity index (PDI) values between 2 and 3, which is typical of step growth 
polymerization 65. As summarized in Table 6.1, these polymers have Mn values in the 10,000 to 
20,000 range. PMSC has the lowest Mn value, which is understandable since the pendant methyl 
groups on the Si atom have much lower molecular weight than, for example, the n-octyl groups 
of PDSC.  
6.3.4. TGA measurements 
 The TGA curves of these curcumin–based polymers, measured in air and in nitrogen are 
presented in Fig. 6.5 and Fig. 6.6, respectively. The one percent weight loss temperature is 
considered a good indication of thermo–oxidative stability of polymers and is representative of 
the temperature at the onset of degradation 66-68. From a processing standpoint, polymers are 
typically heated to 20 to 30 °C below this degradation temperature.  The TGA results indicate 
that all these polymers are stable at 250 °C in air and at 280 °C in nitrogen (Table 6.2). Also, the 
residual SiO2 contents after heating the samples to 850 °C in air are close to the theoretical SiO2 
contents calculated from the monomer feeds (Table 6.2). 
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6.3.5. DSC measurements 
 The presence of Si–O bonds in a repeat unit of the polymer backbone imparts a highly 
amorphous character to these polymers as is evident from the presence of a readily identifiable 
glass transition (Tg) and the absence of a clear melting temperature (Tm) (glass transition 
temperature, Tg is the temperature above which the free volume of an amorphous polymer is 
sufficiently high to allow the randomly packed chain segments to flow past each other. As a 
result, a hard, brittle plastic becomes flexible or pliable above its Tg).  
 The Tg values of the present polymers vary from as low as 23.8 °C for POSC to as high 
as 131.4 °C for PDSC. Low Tg for the polymers containing n–octyl groups is anticipated because 
such a long pendant side chain should increase the polymer chain segmental motions. 
Conversely, the high Tg of PDSC is attributed to the presence of rigid phenyl pendants. This also 
suggests that by changing the alkyl (or aryl) groups of the dichlorosilane reactant one can control 
the Tg of these materials.  
 In addition to the phenolic group, curcumin also lends itself to polymerization via the 
vinylene (i.e., C=C) groups present in the β–diketone unit. Upon heating to above 250 °C for the 
first time, the onset of a significant exothermic peak can be observed in the DSC curves (Fig. 
6.7). This could be attributed to the curing of vinylene groups. As expected, the magnitude of 
this peak is the greatest for the VPSC polymer, as it has an extra vinyl pendant group in addition 
to those in the backbone from curcumin. A high temperature DSC scan of PDSC actually reveals 
two isotherms (Fig. 6.8). The first, in the 240 °C to 350 °C range may be attributed to the heat 
generated from the thermally initiated free radical polymerization (curing) of C=C double bonds. 
The second, above 350 °C has a much greater magnitude and is associated with the thermal 
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degradation of the polymer at elevated temperature. Degradation was confirmed by visual 
inspection of the DSC pan, which was found to contain a large amount of ash.  
 The attribution of the first exotherm to thermal crosslinking or curing rather than 
degradation can be verified by a number of experimental observations. Firstly, the TGA 
measurements show that the polymers degrade well above 250 °C in a N2 atmosphere (i.e., onset 
at ca. 300 °C, Table 6.2, fifth column). Secondly, the Tg value either increases by about 10 °C or 
completely disappears (VPSC) in the cooling and second heating curves. This is indicative of 
curing. Furthermore, the samples collected from the DSC runs were put in vials with ~ 3 mL of 
THF or chloroform. After one month, these samples had not dissolved in the solvent (Fig. 6.9). 
This illustrates that curing had occurred to a sufficient extent to render the crosslinked material 
insoluble in a good solvent. Finally, the rheological measurements also support the formation of 
polymer networks as described below.  
6.3.6. Rheology and processing considerations  
 A common method to characterize thermoset curing is to perform parallel plate 
rheometry to track changes in storage modulus (G’) and loss modulus (G”) of the melt as a 
function of time or temperature 69. In order to determine the temperature range for effective 
curing of the curcumin-based polymers, a temperature scan was performed to monitor changes in 
G’ and G” as a function of temperature. A typical scan is shown in Fig. 6.10 for PDSC. As the 
temperature increased, there was a crossover point between the storage and loss moduli at 223 °C 
(G’~4200 Pa). At the start of the temperature scan, the polymer melt typically does not have a 
network structure and exhibits significant damping. This results in a loss modulus G”, which is 
larger than the storage modulus G’ (tan delta >1). The crossover point, where G’ becomes the 
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same as G”, is taken as the gel point, where the polymer network structure has developed 
sufficiently to exhibit pseudoelastic properties 70. 
 For optimum processibility, one would prefer to have sufficient time to process the 
material prior to the gel point. Since the thermal curing of the curcumin-based polymers should 
be chemical reactions amongst C=C double bonds with a rate that increases with temperature, 
performing the processing at temperatures below 223 °C should result in slower curing of the 
material, which in turn would allow for processing over a longer period of time. Such a longer 
time (or wider processing window) is generally desired in the processing. The opening of the 
processing window was confirmed by the results seen in a time sweep performed at a constant 
temperature of 200 °C (Fig. 6.11). These results indicate that one would have roughly 900 
seconds (15 min) at 200 °C to process the material prior to passing the point of critical network 
formation/solidification. For comparison, commercial PEEK polymer tested under identical 
conditions had a viscosity minimum of ~250,000 Pa-sec, while our material had a viscosity of 
~12,000 Pa-sec. Therefore, this material should be melt processable, with a relatively low 
viscosity and at least a 15 min processing window prior to curing. The insolubility of these 
polymers after thermal cycling (Section 6.3.5) above cure temperatures is also consistent with 
the development of a crosslinked network structure. Further investigation is in progress to 
establish the relationship between the processing conditions and the structures of the curcumin-
based polymers for future manufacturing of biodevices.  
6.3.7. Cell Proliferation 
 Cell proliferation was examined via phase contrast microscope, after two weeks of cell 
maintenance on the four curcumin–based polymeric films. After two weeks of culturing the 
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control group without the polymer coating, cardiac myoblasts of typical phenotype were 
generated, which can be seen in the phase contrast image of the control group (Fig. 6.12.a). 
While two of the polymeric films were found to support cellular life after two weeks of cell 
maintenance, the others did not support cell adhesion. PDSC supported myoblast growth and 
proliferation. Fig. 6.12.b is a phase contrast microscope image of cell growth on the PDSC film. 
According to the figure, the cell density on the PDSC films far exceeds that of the control group, 
while the phenotype appears to be the same. In addition to the PDSC film, the POSC films were 
also found to support H9c2 cell growth. One of the most interesting observations about the cell 
growth on the POSC film is the change in phenotype of the cells. These differences can be seen 
in Fig. 6.12.c; not only is the cell density greater than that of the control group, but many of the 
cells have a very elongated structure, resembling that of neuronal cells. The reason for such a 
change in phenotype is not yet understood.  Similar methods have been used by other researchers 
to establish biocompatibility of different polymeric materials 62, 63. These preliminary results 
indicate that the PDSC and POSC materials are non–toxic to myoblast cells and therefore have 
the potential to be used as implant materials or biocompatible scaffolds for in vitro testing. 
6.3.8. Electrospinning of nanofibers 
 Electrospun nanofiber mats prepared from biopolymers have been demonstrated to serve 
as effective scaffolds for tissue engineering applications 60, 62. A detailed explanation of the 
electrospinning process can be found elsewhere 71, 72. Preliminary attempts were made to prepare 
nanofibers from the curcumin–based polymers using electrospinning. An initial effort to 
electrospin nanofibers from 15 and 20 wt. % solutions of PDSC in THF at a voltage of 20 kV 
and working distance of 15 cm resulted in extensive beading and very little fiber formation. This 
was most likely due to the clogging of the tip due to solvent evaporation, since the solution in 
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this case was not subjected to any pressure. However, a solution of 1 wt. % PDSC and 2 wt. % 
poly(vinyl pyrrolidone) (PVP) (Mn ~360,000) was prepared in chloroform and electrospun at 20 
kV with a working distance of 11cm and flowrate of 0.1 mL/min (attained using a syringe 
pump). The SEM images of the resultant PDSC/PVP nanofibers are presented in Fig. 6.13. While 
Fig. 6.13.a shows that beading was still a problem, a large number of fibers can be clearly seen. 
Based on the image in Fig. 6.13.b one can infer that the diameter of the fibers is about 2 μm. 
 An effort to optimize the electrospinning of the PDSC nanofibers is already underway in 
our lab. The objective is to gradually decrease the PVP content and the diameter of the fibers and 
eventually grow cells on the electrospun mats. 
     
6.4. Conclusions 
 For the first time, the synthesis of a series of poly[(arylenedioxy)–(diorganylsilylene)]s 
via polycondensation reaction between curcumin and diorganodichlorosilanes was demonstrated. 
The materials had high molecular weight and good thermal stability. The polymers with pendant 
phenyl and n–octyl groups supported cellular life which suggests potential use as anti–
inflammatory implants and scaffold materials.  
 The Tg of these polymers is dependent on the pendant organic group of the 
diorganodichlorosilanes. Such a tunability of Tg could be exploited to produce polymers of 
desired mechanical properties. The presence of the vinylene groups in the β–diketone unit of 
curcumin allows an option of thermally crosslinking these materials to prepare rigid thermoset 
networks. This offers the opportunity of injecting a low viscosity polymer melt into a heated 
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mold, where it cures over time, resulting in a crosslinked biomaterial from a reactive injection 
molding type of process. 
 These novel polymers represent a new class of bio–based polymers with one monomer 
being obtainable from a renewable plant source. This is particularly interesting since it opens up 
the possibility of preparing such synthetic bio–based polymers from several other plant diphenols 
and diols. Further investigations regarding the biocompatibility, possible anti–inflammatory and 
other biomedical effects, as well as mechanical properties of these materials are needed to 
establish the biological benefits of these unique polymers. 
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Table 6.1. Structural and molecular weight analysis of poly[(arylenedioxy)(diorganylsilylene)]s: 
summary of results from GPC and elemental analysis. 
 
Sample Diorganodichlorosilane Mn PDI 
Repeat 
unit 
MW 
No. of 
repeat 
units 
Yield
(%) 
Elemental Analysis 
%C, %H 
(Th.) 
%C, %H 
(Exp.) 
PDSC Diphenyldichlorosilane 15,100 2.11 548.66 28 80 72.24, 5.14 71.96, 4.86 
VPSC Vinylphenyldichlorosilane 13,900 2.54 499.61 28 80 69.87, 5.26 69.74, 5.16 
PMSC Dimethyldichlorosilane 9,900 3.03 424.52 23 30 65.07, 5.70 64.89, 5.68 
POSC Di-n-octyldichlorosilane 19,300 2.06 620.90 31 69 71.57, 8.44 71.45, 8.29 
 
 
 
 
 
 
 
 
 
 
 
326 
 
Table 6.2. Thermal properties of poly[(arylenedioxy)(diorganylsilylene)]s: results of TGA and 
DSC measurements. 
 
Sample Tg (°C)a Tg (°C)b 
1% weight 
loss temp. in 
air (°C) 
1% weight loss 
temp. in N2 
(°C) 
SiO2 content 
Theoretical Experimental 
PDSC 131 141 285 306 10.95 11.9 
VPSC 102 N/A 268 283 12.05 13.9 
PMSC 95 113 280 295 14.15 16.2 
POSC 24 N/A 305 312 9.68 8.6 
 
 
a Determined as the point of inflection (i.e., peak in derivative) of the first heating cycle. 
b Determined as the inflection of the second heating cycle (measured on selected samples for 
confirmation purpose). 
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Fig. 6.1. 1HNMR spectra of poly[(arylenedioxy)(diorganylsilylene)]s with integration. 
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Fig. 6.2. Representative 1HNMR spectrum with integration (a) and 13CNMR spectra (b) of PMSC 
with peak assignments. 
 
 
 
 
a 
b 
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Fig. 6.3. A representative FTIR spectrum of poly[(arylenedioxy)(diorganylsilylene)]s (PDSC).  
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Fig. 6.4. GPC traces of poly[(arylenedioxy)(diorganylsilylene)]s in THF, eluting at 1 mL/min. a) 
Plot of intensity vs. time; b) plot of intensity vs. molecular weight (Mn) after calibration with 
polystyrene standards. 
 
 
a 
b 
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Fig. 6.5. TGA curves of poly[(arylenedioxy)(diorganylsilylene)]s heated at 10 °C/min in air. 
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Fig. 6.6. TGA curves of poly[(arylenedioxy)(diorganylsilylene)]s heated at 10 °C/min in 
nitrogen. 
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Fig. 6.7. DSC isotherms of poly[(arylenedioxy)(diorganylsilylene)]s measured with a 15 °C/min 
heat–cool–heat cycle in nitrogen. First heat:      z    -; Second heat:       ---         
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Fig. 6.8. DSC isotherm after heating PDSC to 450 °C in nitrogen. Large exotherm due to 
polymer degradation is observable in the 350 °C to 430 °C range. 
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Fig. 6.9. Images of samples collected from the DSC runs, after immersion in ~ 3 mL THF for 1 
month. 
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Fig. 6.10. Plot of shear modulus vs temperature for PDSC. 
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Fig. 6.11. Plot of shear modulus vs time for PDSC (temperature = 200 ºC). 
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Fig. 6.12. a) H9c2 cardiac myoblasts cultured on the standard polystrene petri dish (control 
group). b) H9c2 cells growing on a PDSC film after two weeks of cell maintenance. c) H9c2 
cells growing on a POSC film after two weeks. 
a 
b 
c
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Fig. 6.13. SEM images of PDSC/PVP nanofibers obtained by electrospinning a) lower 
magnification b) higher magnification. 
b 
a 
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Chapter 7: Enzymatic degradation of cellulosic biomass to glucose and its detection by a 
blood glucose monitor   
 
7.1.  Introduction 
 A growing concern regarding rapidly diminishing petroleum resources, coupled with ever 
increasing greenhouse gas levels is driving political, industrial and scientific interest in the 
direction of renewable fuels, particularly for the transportation sector. The United States 
government apparently understands this concern and in 2006 the Department of Energy issued a 
report titled “Breaking the Biological Barriers to Cellulosic Ethanol”, which offered a roadmap 
for research in the area of cellulosic ethanol and sought to recognize the key hurdles in the path 
of technology development 1. Bioethanol i.e., ethanol that is exclusively derived from the 
fermentation of plant starches is already used quite extensively as an automotive fuel in Brazil 
and to a smaller extent in the US. Even ex–president George W. Bush was quoted saying “We’ll 
also fund additional research in cutting-edge methods of producing ethanol, not just from corn, 
but from wood chips and stalks or switchgrass.” Indeed, sources such as, wood chips, stalks, 
switchgrass, etc., which are collectively termed lignocellosic biomass represent a vast resource 
for biofuels. The attractiveness of biomass is due to three main reasons: i) it is renewable, ii) 
development of biomass implies environmentally positive outcomes, such as, afforestation, with 
no net CO2 release, and iii) it is financially viable if petroleum prices continue to increase as 
expected 2. Because of the extreme importance of this topic, a rather comprehensive description 
on the background and our basic ideas on this research is given in the following sections. 
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7.1.1. The nature of biomass 
 Biomass is a broad term that can be defined as all ‘organic plant material’ 3, whereas, the 
term lignocellulosic biomass refers to plant material that is derived from cellulose, hemicellulose 
and lignin. Such biomass can be sourced from wood residues (sawmill and paper mill refuse), 
municipal paper waste, agricultural residue or dedicated energy crops 4. The carbohydrate 
polymers that constitute biomass are produced by photosynthetic fixation of solar energy and this 
energy can be extracted by breaking down the carbon, hydrogen and oxygen bonds using a 
suitable process 3.    
 Cellulose typically constitutes 35 to 50 % of biomass, lignin content is usually within 5 to 
30 % whereas hemicellulose is usually within 10 to 40 % (Table 7.1) 3. Cellulose is a linear 
homopolymer with a repeat unit consisting of two glucose units (β–D–glucopyranose) rotated at 
180 º with respect to each other and connected by a β–1,4–glycosidic linkage. The hydrated form of 
the repeat unit is also called cellobiose 5 (Scheme 7.1.a). The long cellulose chains are held 
together by a network of hydrogen bonding. Bunches of such chains are twisted in space to form 
microfibril sheets, which run longitudinally through the tree axis, forming tubular structures (Fig. 
7.1). Each polymer chain may consist of 5,000 to 10,000 repeat units. Such a complex and high 
molecular weight structure, added to inherent crystallinity makes cellulose highly insoluble in 
most solvents (Scheme 7.1.b). Yet, there are some amorphous regions within cellulose, which 
contain water of hydration and can disrupt the structure via a steam–explosion type processes 6. 
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Scheme 7.1. a) Chemical structure of cellulose b) intermolecular and intramolecular hydrogen 
bonding 6. 
 Hemicellulose is a low molecular weight heteropolysaccharide mixture of several 
polymerized monosaccharides e.g., glucose, mannose, galactose, xylose, arabinose, etc residues, 
with an average number of ~ 150 monosaccharide units. Short branching is common in 
hemicellulose 6. 
 Lignin is a highly branched aromatic polymer with a crosslinked, amorphous structure. It 
tightly binds together the cellulosic fibers and protects them from microbial or fungal attack. 
While chemical composition of lignin usually consists of various substituted polyphenols, it 
varies quite drastically from one biomass source to another 5, 6. 
a
b
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 On a molecular level, the recalcitrance of lignocellulosic biomass can be attributed to the 
hydrolysis resistance of the crystalline core of cell wall microfibrils and strong interchain 
hydrogen bonding interactions among cellulose chains 7. At the nanometer and micrometer 
scales, bundles of cellulose chains form tubular fibrils that are covered by a hemicellulose matrix 
and bound together with lignin 8. Such recalcitrance at the molecular to micron level, combined 
with extensive heterogeneity within the same source and between sources makes the degradation 
of biomass a formidable challenge.  
7.1.2. Various approaches to convert biomass to energy 
 The currently employed and proposed methods for conversion of biomass into energy are 
perhaps no less numerous and diverse than the sources of biomass itself, each with its own 
advantages and drawbacks. A number of these methods are discussed in an excellent review by 
Demirbas 9. Since ancient times, dry agricultural waste, such as, straw, stover, husk, etc., was 
burnt in addition to firewood as a cooking and heating fuel. The thermochemical methods of 
pyrolysis and gasification are used to convert biomass into liquid or gaseous fuels respectively 
using a Fischer–Tropsch (or similar) process. Liquefaction is a catalytic low temperature process 
that works at high pressure to produce a liquid biofuel. However, conventional thermochemical 
methods, such as, gasification are less suited to wet biomass 10, 11. Moreover, the energy expense 
of operating a high temperature or high pressure biofuel refinery may limit the overall energy 
output rather significantly. In fact, a sensitivity analysis with comparison of thermochemical and 
enzymatic methods for converting biomass to bioethanol concluded that despite encouraging 
laboratory results with the thermochemical processes, the current technology is not mature 
enough to attract business 12. According to this study, an enzymatic process would set the cost of 
bioethanol at 0.8 €/L whereas a thermochemical process would set it at 1.20 €/L owing to greater 
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capital cost, energy intensive recovery and moderate yields 12. However, thermochemical process 
may play a more important role in the power generation sector. Hydrogen, a clean burning fuel 
can also be generated from the pyroligneous oils, which are produced from the pyrolysis of 
lignocellulosic biomass 13. 
 Two important biochemical processes are anaerobic digestion and alcoholic fermentation 
9. In anaerobic digestion, the biomass is typically decomposed in the absence of oxygen by the 
action of bacteria. The chief fuel produced in this process is methane. Digesters can be located 
near landfill sites. However, the escape of methane from landfills to the atmosphere, as well as 
its use as a fuel is a cause for concern as methane is a greenhouse gas. Alcohol fermentation 
involves the enzymatic degradation of the lignocellulosic biomass to simple sugars 
(depolymerization) followed by conversion of the sugar to ethanol (fermentation).   
7.1.3. Enzymatic degradation of cellulosic biomass to glucose: a viable route to bioethanol
 Alcohol fermentation is a two step process requiring depolymerization of cellulose into 
simple sugar or oligosaccharides (saccharification) followed by sugar to ethanol conversion 
(fermentation). This approach has received significant attention from the US Department of 
Energy, which has led to the setting up of three bioenergy centers in 2007 to gain fundamental 
knowledge of biomass recalcitrance and micro organisms that produce biomass degrading 
enzymes 8.  
7.1.3.1. The enzymes 
 The term cellulase refers to a system of enzymes, which degrade cellulose and can 
therefore be used to breakdown the cellulose component of lignocellulosic biomass into 
constituent simple hexose sugars 14-16. Cellulases are secreted by a variety of micro–organisms, 
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such as, fungi, bacteria or protozoans and are also found in plants. Two well known sources of 
cellulases are Trichoderma reesei, a filamentous fungus and Clostridium thermocellum, an 
anaerobic thermophilic bacterium that can degrade cellulose directly into ethanol 8.  
 Cellulases breakdown cellulose by the hydrolysis of the β–1,4–glycosidic linkage 
(cellulolysis). Mechanistically, the action of cellulases on the cellulose substrate is fundamentally 
different from enzymatic reactions on small molecule substrates. While most enzymatic reactions 
involve transport of substrate to the active site of the enzyme where it is transformed, the process 
is reversed in cellulolysis. In this case, the cellulase enzymes (or cellulase containing organism) 
has to travel to the cellulose substrate and bind onto it 17, where the β–1,4–glycosidic linkage is 
hydrolyzed. Consistent with this mechanism is the two–domain architecture of cellulases 
proposed by Knowles et al. (Fig. 7.2), which has been experimentally verified 14, 16.   
 While the cellulase consortium includes a large number of enzymes, they are known to 
exhibit three specific types of cellulolytic activity as listed below 18, 19:  
Endoglucanase (a.k.a. endocellulase, β–1,4–glucan glucanohydrolase): An endo enzyme, which 
acts on the interior of the cellulose polymer. It is responsible for generating shorter chains with 
new chain ends. It is typically more reactive on amorphous (soluble) cellulose and results in 
decrease in viscosity of the solution. 
Exoglucanase (a.k.a. exocellulase, β–1,4–glucan cellobiohydrolase): An exo enzyme, which 
works by cleaving the terminal units from exposed chain ends generated by endocellulase. While 
one type of exocellulase cleaves the non–reducing ends to release cellobiose, the other type acts 
on the reducing end. Exocellulases are effective on both amorphous and crystalline cellulose. 
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Cellobiase (a.k.a. β–glucosidase): These enzymes hydrolyze cellobiose to glucose. This ensures 
removal of product and continues the progress of the hydrolysis process.  
 All three types of enzymes are present in commercial cellulase. If a glucose unit of a 
cellulose chain is denoted as G, then cellulase action on the chain can be described schematically 
as follows (Scheme 7.2, adapted from ‘Enzymatic Hydrolysis of Cellulose: Theory and 
Applications 18): 
 
Scheme 7.2. Schematic illustration of action of the different types of cellulase enzymes. 
7.1.3.2. The process of enzymatic breakdown of biomass 
 The selection of a process for enzymatic treatment of biomass depends on factors 
including nature of the biomass, capital costs, type of enzyme used and overall efficiency of the 
bioethanol process. While several variants exist, processes that involve enzymatic 
depolymerization of cellulose (saccharification) followed by the well understood fermentation of 
sugar to ethanol are of particular interest to this research and have been predicted to be the most 
practical route to bioethanol 8. In a typical process, the biomass is made to undergo a mechanical, 
chemical, thermochemical or even biological pretreatment, after which it is enzymatically treated 
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to yield simple sugars. Finally the simple sugars are converted to ethanol by known fermentation 
techniques. 
Pretreatment 
 The purpose of pretreatment is to remove hemicellulose and lignin and expose the 
cellulose chains so they can be enzymatically degraded. Another objective is to reduce the 
crystallinity of cellulose and increase its solubility in aqueous media, to allow for greater 
penetration. The type of pretreatment very often differs based on the type of biomass used. 
Pretreatment can be a major factor in determining the cost of bioethanol. Several excellent 
review papers have covered the subject of pretreatment of biomass in considerable detail 20-24. 
Some pretreatment methods that have been used in the literature are summarized below: 
Mechanical size reduction: The very first pretreatment is quite often a mechanical size reduction 
of biomass. The objective is to allow access to greater surface area for the next step of chemical 
pretreatment or for enzymatic attack 25. This is accomplished by various methods, such as, 
milling, shredding, crushing, grinding, etc. Rivers et al. compared the effect of wet and dry ball 
attrition on conversion and could not find any correlation 26. However, Millet et al. found that 
vibratory ball milling could reduce crystallinity of spruce and aspen chips and enhance 
digestibility 27. According to van Walsum et al., purely mechanical treatments like milling are 
not cost effective 28. Kumar et al. also stated that in most cases the energy consumption for these 
mechanical processes usually exceeds the theoretical energy content of biomass 23. 
Microwave irradiation: In this process the biomass is subjected to continuous microwave 
irradiation at atmospheric pressure. In 1989, Magara et al. demonstrated the use of microwave 
irradiation to reduce the hemicellulose content of rice straw, hulls and sugarcane. However, the 
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process was still energy intensive 29. Krairiksh et al. observed that the sugar yield after 
saccharification of microwave irradiated of lignocellulosic wastes was more than twice that of 
the sample without any pretreatment 30. Yet, according to Taherzadeh and Karimi, the technique 
of microwave irradiation is still far from commercial utilization as a pretreatment method 31.   
Steam explosion: In this process the biomass is treated with high pressure steam for a short time 
in a large vessel followed by pressure reduction by rapid venting of steam. The process removes 
hemicellulose. Such thermal expansion is speculated to open up the particulate structure of 
biomass. It is considered a physical pretreatment that is more energy efficient than mechanical 
methods 22. Grous et al. reported significant enhancement of hydrolysis efficiency of poplar 
wood with this type of pretreatment 32. Addition of acid catalysts into the pretreatment can 
reduce the time required as well as help to completely remove the hemicelluloses 33, 34. However, 
the harsh conditions involved lead to generation of compounds that inhibit microbial growth, 
enzymatic hydrolysis and fermentation. Therefore, the steam exploded biomass needs to be 
washed with water after the pretreatment which results in reduction of overall sugar yield 23.    
Liquid hot water treatment: The use of boiling water at pH 4 to 7, under increased pressures can 
be used to dissolve out the hemicellulose component of the biomass. This makes the cellulose 
chains more accessible without causing undesired hydrolysis, which may generate undesired 
products that inhibit enzymatic action 20. Such pressure cooking of biomass can lead to 
noticeable increase in glucose production upon enzymatic action 23. The great benefit of water 
treatment is that no chemicals are added to the process, eliminating the need for their 
neutralization prior to enzymatic hydrolysis 22.   
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Acid hydrolysis: While concentrated acids (e.g. H2SO4, HCl, HNO3) can give improved results 
with enzymatic hydrolysis, the toxic hazards involved with such acids, in addition to the 
requirement of corrosion resistant reactors are some drawbacks of this process and add to the 
cost 23. Dilute acid hydrolysis at concentrations of less than 4 % of acid have also been proven to 
generate high monosaccharide yields. However, there remains the need for neutralization to 
adjust the pH of the biomass before enzymatic action 23, 25.   
Alkaline pretreatment: Unlike acid hydrolysis, alkaline pretreatment can be carried out at 
ambient temperatures but involves greater pretreatment times. Pretreatment with lime is popular 
due to low reagent cost and safety 22. Sodium hydroxide is also used. Alkali pretreatment 
removes almost all of the lignin and part of the hemicellulose, resulting in improved enzymatic 
reactivity at lower costs compared to the acid pretreatment. However, waste water treatment 
costs have to be factored in if the alkalis cannot be recovered 25. Silverstein et al. demonstrated 
that hydrolysis of cotton stalk at 121 ºC with NaOH was more effective at delignification and 
cellulose to glucose conversion than comparative sulfuric acid or hydrogen peroxide 
pretreatments 35. A very interesting low temperature pretreatment with NaOH plus urea, which 
has been employed in this research will be discussed in further detail in Section 7.1.5.  
Organosolv process: This process aims to dissolve lignin, an aromatic material, in organic 
solvents and simultaneously hydrolyze the exposed cellulose. Hydrolysis of the biomass in 
presence of organic solvents, water and an acid catalyst is expected to break the lignin–lignin and 
the lignin–carbohydrate bonds of the biomass by dissolving the lignin in organic solvent. While 
the method has attracted much attention, the issues of organic solvent recovery and high capital 
cost are some drawbacks 23, 36. 
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Ionic liquid pretreatment: The term ionic liquid refers to a salt with a melting point around room 
temperature, which allows it to remain in liquid state. Such liquids have extremely low vapor 
pressure and are known for their extraordinary properties as solvents 37. Even cellulose can be 
conveniently dissolved in ionic liquids 38. Liu and Chen demonstrated that wheat straw 
regenerated after dissolution in the ionic liquid 1-butyl-3-methylimidazolium chloride 
([BMIM]Cl) showed better hydrolysis rate than straw treated equivalently with water 39. The 
prohibitively high cost of ionic liquids is a major hurdle in the path of possible 
commercialization. However, due to its very low volatility, solvent recovery might not be an a 
major concern 40. 
Biological pretreatment: The use of wood degrading micro organisms for pretreatment avoids the 
need for corrosion resistant reactors, high energy or expensive chemicals and their removal. 
Keller et al. have shown a three to five times improvement of enzymatic cellulose digestibility of 
corn stover after pretreatment with the fungus Cyathus stercoreus 41. Micro organisms can not 
only breakdown cellulose but also hemicellulose and lignin. However, the slow nature of the 
process is a drawback 23. The search for microbes that can rapidly breakdown biomass has 
attracted much attention 8. Re–engineering these fungi or the relevant enzymes could be a 
potential solution in the future. 
Enzymatic hydrolysis 
 It is not surprising that the enzymatic hydrolysis of biomass is a rather complex process 
that is affected by many factors. These include (but are not limited to) nature and pretreatment of 
lignocellulosic biomass; choice of cellulase system used; substrate/enzyme ratio; pH; 
temperature; process type (batch vs. flow) and agitation 18. The kinetics of the hydrolysis (plot of 
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glucose yield vs. time) follows a logarithmic curve, which means an initially high rate of glucose 
production followed by a decreased rate 42-44. This is explained by the hypothesis that as the 
amorphous cellulose gets degraded initially, the remaining biomass is more and more saturated 
with the more recalcitrant crystalline cellulose. A more likely explanation is based on the fact 
that the activity of cellulases is somewhat inhibited by the presence of cellobiose (more so than 
presence of glucose) 24. Therefore, as the reaction progresses, the increasing cellobiose 
concentration retards the hydrolysis. Indeed, addition of a large excess of cellobiase into the 
cellulase mixture is recommended by many researchers in the field 45. Helle et al. also observed 
that surfactants, such as, Tween80 increased the hydrolysis rate of cellulose 46. A review of 
enzymatic hydrolysis is presented in the work of Zhang and Lynd 47 and a kinetic model is 
presented by Wald et al. 42. 
7.1.4. Ferric chloride assisted dilute acid hydrolysis pretreatment 
 Lewis acids have been shown to be effective in catalyzing the degradation of wood 
cellulose. A 0.01 to 0.1 wt. % concentration of MXn type Lewis acids (e.g., AlCl3 and TiCl4) in 
organic solvents was shown to decrease the degree of polymerization of cellulose rather 
significantly 48. A 1976 US patent described the high temperature and pressure oxidization of 
biomass, which could be catalyzed by acetic acid and ferric chloride to break the lignin bonds 
and increase digestibility 49. According to this invention, the two catalysts increase hydrolysis 
rate and are essential to the process  49. A more recent US patent in 2002 also utilized dilute acid 
hydrolysis of lignocellulosic biomass with H2SO4 or HCl at a pH of ~3, in the presence of a 
metal salt catalyst, such as, FeCl3. Such a combination was expected to lower activation energy 
compared to dilute acid hydrolysis alone, thereby presenting a milder condition. It was claimed 
to achieve both hemicellulose dissolution as well as cellulose hydrolysis simultaneously, while at 
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the same time reducing degradation of desirable products and formation of inhibitory products 50. 
Rowell et al. also observed an increase in the degradation of hemicellulose sugars from steam 
treated fiberboards by the addition of ferric chloride 51.  According to Moteleb and El Chaffe, 
ferric ions, which interact with the cellulose structure by chelation, tend to disrupt the structures 
of the weakly hydrogen bonded regions and also hydrolyze some OH groups to alter the lateral 
order of the cellulose fibers 52. Due to these promising results, and the low cost of reagents, the 
ferric chloride assisted hydrolysis method was utilized to pretreat the biomass in this study. 
7.1.5. Dissolution of cellulose in NaOH/urea solutions 
 Cellulose is insoluble in most common solvents and dissolves only in some exotic, toxic 
and/or expensive solvents like ionic liquids, CS2 and N-methylmorpholine-N-oxide (NMMO) 37, 
38, 53. 
 However, the research group of Prof. Lina Zhang in China has published several 
pioneering papers, which report the dissolution of cellulose in an aqueous solvent system 53-58. 
One of their most optimal solvent systems comprises of a mixture of 7 wt. % NaOH and 12 wt. 
% urea dissolved in distilled water at a temperature of –12.6 ºC. The solvent could convert a 4 % 
suspension of native cellulose I to cellulose II, which is characteristic of regenerated fibers 
produced from commonly used but environmentally unfriendly CS2 solvent system. They also 
found that the aqueous salt of neither reagent alone could change the crystal type of cellulose, 
which implies a synergistic effect between NaOH and urea toward cellulose dissolution. Among 
the alkaline hydroxides, the dissolution power was in the order of LiOH/urea > NaOH/urea >> 
KOH/urea. However, NaOH/urea was the more economically viable choice.  
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 Interestingly, complete dissolution required low temperatures and as illustrated in Fig. 
7.3, the system transformed from true solution at –12.6 ºC to fibers at 0 ºC. The systems had a 
negative apparent activation energy, implying that the cellulose solutions had lower enthalpy 
than solid state, thereby indicating that the process is entropy driven 58. Both alkali and urea 
hydrates in the aqueous solution are expected to play a key role in this low temperature 
dissolution process. While the mechanism of the dissolution is still not clearly understood, a 
plausable schematic illustration was provided in a paper by Cai and Zhang (Fig. 7.4) 53.  
 Due to the effectiveness of this process, the relatively low cost of NaOH and the easy 
accessibility of the temperature range of –15 to –5 ºC (e.g., using a salt water/ ice bath), this 
process was selected in our present research to dissolve the cellulose and reduce its crystallinity 
prior to enzymatic hydrolysis in collaboration with Prof. Lina Zhang’s group. 
7.1.6. Spectrophotometric detection of glucose 
 Several researchers have employed the UV based glucose C–II test (Wako Pure 
Chemicals) to successfully quantify glucose yields from enzymatic saccharification processes 59-
62. This commercially available colorimetric test kit works on the β–D–glucose oxidase (GOD) 
catalyzed conversion of β–D–glucose to hydrogen peroxide. This peroxide when treated with a 
chromogen dye (oxygen acceptor) in the presence of peroxidase produces a red pigment, which 
is detected using a spectrophotometer. The addition of the enzyme mutarotase into the assay kit 
ensures that all of the glucose (α– and β– anomers) is converted to β–D–glucose, since α–D–
glucose cannot be converted by β–D–glucose oxidase into hydrogen peroxide 63, 64. This allows 
for the utilization of all of the glucose in the solution toward influencing color change of the 
chromogen, an advantage that led to the selection of this method in the present research. The 
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reactions involved are summarized in Scheme 7.3. The chromogen is 4–amino antipyrene, which 
reacts with hydrogen peroxide in presence of the enzyme peroxidase to yield a red quinoid 
pigment, which absorbs at 505 nm 65, 66. 
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Scheme 7.3. Reactions occurring in the spectrophotometric detection of glucose. 
7.1.7. Blood glucose monitor: a biosensor for rapid detection of glucose 
7.1.7.1. Working principle of commercial blood glucose monitors 
 Hand held blood glucose monitors are commonly used by diabetics for checking blood 
sugar levels. The technology behind these portable biosensors is based on either electrochemistry 
(amperometry or coulometry) or photometry (reflectance) 67, 68. In general, these instruments 
work by contacting a disposable strip with the blood sample (as small as 0.3 μL). The glucose 
present in the blood sample (G) is then enzymatically converted to a more readily detectable 
substance whose concentration is proportional to an electric signal, which is transformed into the 
digital output.  
 The enzymes used are oxidoreductases, which can oxidize glucose to gluconolactone. 
Two very commonly used enzymes are glucose dehydrogenase  (GDH) and glucose oxidase 
β 
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(GOD) 69. Such an oxidation produces two electrons that are captured by a mediator molecule, 
which is already in oxidized state (Scheme 7.4). 
 
Scheme 7.4. Balanced equation representing oxidation of glucose in a blood glucose monitor 70. 
  The mediator is typically a fast reacting small organic or inorganic molecule, which is 
capable of existing in both oxidized and reduced forms. In photometric detection the mediator 
transfers the electrons to a die, which forms color in proportion to the glucose content. The 
intensity of the colored product is quantified by the absorbance (and hence lack of reflectance) of 
a specific wavelength of LED radiation from the strip. On the other hand, in electrochemistry, 
when a potential is applied, the electrons are delivered to the electrode and can therefore be 
quantified 67. This is schematically illustrated in Fig. 7.5 71.  
 Lately, electrochemistry based meters, with capillary dosing strips at a greater distance 
from the blood sample have become more popular than photometric ones 67. Electrochemistry 
based meters have also been shown to be highly accurate 72, 73. Among such meters, the 
amperometry based ones allow electron transfer by applying a voltage and generating a current 
proportional to the blood glucose content. Since they only use a fraction of the glucose content of 
the sample, they are less suited to smaller samples. Coulometry based meters measure the entire 
accumulated charge of the electrochemical reaction to quantify glucose content. They are 
therefore more effective even for smaller volumes of samples. 
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7.1.7.2. Considerations for using blood glucose monitors in non–clinical applications 
 Diabetic blood glucose monitoring has not commonly been applied to glucose 
determination for enzymatic saccharification process in academic research. Cook et al. claimed 
that their instrument was accurate for glucose concentrations of 1 g/L or less in wine 
fermentations 74. So far, only two groups used these instruments in determination of glucose 
concentrations during a fermentation process 69, 75.  It must be noted that these instruments are 
designed for accurate determination of blood glucose within physiological ranges of pH and 
glucose content. In fact, Fitzgerald and Vermerris showed that the amperometric GOD enzyme 
based Precision QID® did not show a linear response to glucose concentrations in aqueous 
solutions even within the manufacturer stated range (0.2 to 6 g/L) when used at a low pH of 4.8 
or a high pH of 7. On the other hand, the other amperometric monitor Accu-Check® Advantage 
based on GDH enzyme did show linear response at the same high and low pHs in the 0.5 to 3 g/L 
range (Fig. 7.6) 69. Choi et al. concluded that blood glucose monitors present a quick, reliable 
and economic alternative for routine glucose detection 75.    
 The purpose of opting for blood glucose monitor detection in this research was to 
demonstrate the feasibility of this technology for rapid analysis of glucose evolution from 
saccharification processes. Reducing analysis time would be highly beneficial to researchers 
across the entire field 8. The Freestyle Freedom™ (Abbot) monitor was used in the present work 
to determine glucose production from the saccharification of cellulose though we have tested a 
number of other commercial monitors. This coulometric monitor employs the GDH enzyme and 
has been shown to have excellent accuracy and precision for clinical glucose detecting 
applications 70. The enzymatic hydrolysis was carried out at a pH of 5. 
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7.2. Experimental Section 
7.2.1. Materials 
 D-(+)-glucose, 99.5% (cat.# G8270); sodium acetate trihydrate > 99.0 % (cat.# D8625); 
iron (III) chloride, 97 % (cat.# 157740) and glacial acetic acid (cat.# A9967) were purchased 
from Aldrich. Cellulase from Trichoderma reesei ATCC 26921, lyophilized powder, ≥1 unit/mg 
solid (cat.# C8546) and cellobiase from Aspergillus niger, liquid ≥250 Unit/g (cat. #C6105 or 
Novozyme 188), both purchased from Aldrich, were used as the enzyme system. Wood shavings 
consisting primarily of poplar wood were donated by Martin Millwork (Mercersberg, PA). 
Reagents for spectrophotometric glucose assay were included in Autokit Glucose (cat.# 439-
90901), a commercial glucose determination kit, which was purchased from Wako Pure 
Chemicals. The Freestyle Freedom™ blood glucose monitor (Abbot Laboratories) and disposable 
strips for the same were obtained from a local pharmacy. Sigmacell Cellulose Type 20, 20 μm 
(cat. # S3504) was purchased from Aldrich and was used as a pure cellulose reference material. 
7.2.2. Enzymatic degradation of biomass 
7.2.2.1. Pretreatment 
 a) Pretreatment with FeCl3: 1 g of the biomass (wood shavings or Sigmacell) was added 
to 100 mL distilled water in a round bottom flask. The desired weight of FeCl3 (with respect to 
water) was then added into this mixture and it was refluxed overnight. The suspension was 
passed through a fine glass frit upon cooling and the collected biomass was washed with copious 
amounts of distilled water after which it was allowed to dry overnight in a 60 ºC air oven. The 
treated biomass was obtained in ~ 60% yield.   
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 b) Dissolution in cold NaOH/urea based on a modified procedure by Lina Zhang 53, 57, 58: 
A stock solution of 7 % NaOH and 12 % urea (wt.) dissolved in distilled water was prepared and 
stored in a –20 ºC freezer. Prior to dissolution of the biomass, 10 mL of the NaOH/urea solution 
was poured into a glass vial and equilibrated in a brine (saturated salt/water solution) bath at – 15 
ºC for 10 min. 0.5 g of Sigmacell was then added to the NaOH/urea solution (whose temperature 
read – 15 ºC) and allowed to stir. The solution quickly became clear and stirring was continued 
for 10 min. When wood shavings were used, 1 g of the biomass was added to 10 mL of the cold 
NaOH/urea solution to keep the total cellulose content at about 5 %. Also, unlike the Sigmacell, 
the wood shavings did not produce a completely clear solution. Stirring in the cold NaOH/urea 
solution was continued for 15 min in these cases. The cellulose solutions were neutralized by 
addition of glacial acetic acid (GAA) in a molar equivalent quantity with respect to the NaOH 
content (1 mol GAA for 1 mol NaOH). This led to re–precipitation of the cellulose content of the 
biomass (regenerated cellulose), which was collected on a fine glass frit and washed with 
copious amounts of distilled water until the pH of the filtrate was neutral. The washed and 
neutralized regenerated cellulose was dried for 48 hrs in a 60 ºC air oven. Treated Sigmacell was 
obtained in 100 % yield, whereas wood shavings were obtained in ~ 90 % yield. 
7.2.2.2. Enzymatic hydrolysis 
 The enzymatic hydrolysis process was carried out on un–pretreated and pretreated 
biomass (wood shavings or Sigmacell) with adherence to the procedure recommended by Sigma 
(EC 3.2.1.4) 76. As described in that procedure, the cellulase enzyme solution (Reagent C) was 
freshly prepared by dissolving 5 mg of the cellulase lyophilized powder in 5 mL of cold distilled 
water. Regent A was a 50 mM sodium acetate buffer with a pH ~ 5 at 37 ºC. Reagent B and D, 
however were not prepared according to EC 3.2.1.4, since the uniform suspension (Reagent B) 
365 
 
mentioned in the procedure was not obtainable with wood shavings and Reagent D was not 
available (discontinued by manufacturer). Instead, the desired weight (25, 50, 100 or 200 mg) of 
wood shavings or Sigmacell was charged into a plastic falcon tube with a screw cap and 2 mL of 
Reagent A was added into it. 0.5 mL of Reagent C was then added, followed by addition of 25 
μL of cellobiase (this was varied in one experiment). The falcon tubes were sealed off and gently 
vortexed for ~ 10 seconds to allow mixing after which they were tied to the rotating glass shaft 
of a Rotovap. The temperature of the Rotovap bath water was set at 37 ºC and the rotating shaft 
with falcon tubes was lowered into the bath to allow complete immersion of the suspension in 
the warm water. While the rpm of the spinning shaft was not measured, it was maintained at the 
same setting for all experiments. This hydrolysis was allowed to continue for exactly 2 hours 
after which the tubes were placed in an ice bath for ~ 5 min. The suspension was then settled in a 
centrifuge and the supernatant obtained was tested for glucose content in the following step.   
7.2.3. Determination of glucose yield 
7.2.3.1. Spectrophotometric UV assay (Wako) 
 The glucose content of the supernatant obtained from enzymatic hydrolysis was 
determined using the exact procedure included in the 'Autokit Glucose' glucose determination kit 
obtained from Wako 77. The kit included: Buffer Solution (60 mmol/L phosphate buffer, pH 7.1, 
containing 5.3 mmol/L phenol); Color Reagent (when reconstituted: 0.13 U/mL mutarotase, 9.0 
U/mL GOD, 0.65 U/mL peroxidase and 0.5 mmol/L 4–amino antipyrene, 2.7 U/mL ascorbate 
oxidase); Standard solution I (200 mg glucose/dL) and Standard solution II (500 mg glucose/dL). 
 As directed in the procedure, the Working Solution was prepared by adding one bottle 
(150 mL) of the Buffer Solution into one bottle of the Color Reagent to prepare a solution. 1.5 
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mL of this Working Solution was then transferred into a plastic (PMMA) semi–micro cuvette 
(path length = 1 cm) and its absorbance was taken against distilled water at a wavelength of 505 
nm on a Perkin-Elmer Lambda-35 UV/visible Absorption Spectrometer. This was the absorbance 
from the Blank (ABL). 10 μL of the supernatant (from enzymatic hydrolysis) was then added to 
the cuvette after which it was sealed and incubated for 5 min in a 37 ºC water bath. Color 
development occurred during such incubation and the absorbance was again measured at 505 
nm. The difference between the absorbance after incubation and ABL was the absorbance of the 
sample (AS). Standard solution II with a glucose content of 500 mg/dL (5 g/L) was chosen as the 
standard to quantify glucose concentration. The absorbance of the standard AStd was determined 
by subtracting its ABL from the absorbance measured after incubation of the cuvette with 10 μL 
of Standard solution II. The glucose concentration of the sample was determined against the 
standard according to the equation: 
Glucose (g /L) = AS x CStd / AStd 
where CStd ≡ glucose concentration of Standard solution II in g/L i.e. 5 g/L.  
7.2.3.2. Glucose monitor 
 The Freestyle Freedom™ blood glucose monitor was used to find the glucose 
concentration of the supernatant obtained from enzymatic hydrolysis using the same procedure, 
which is used for routine blood glucose monitoring. The monitor was activated by inserting a 
disposable strip into the front slot and selecting the code that matched the vial containing the 
strips (separately purchased). A small drop (~ 10 μL) of the supernatant was placed on a clean 
glass slide. The front edge of the test strip was brought into contact with the drop of supernatant 
and its glucose concentration was displayed on the screen within 5 seconds. If the glucose 
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monitor displayed ‘HIGH’, the sample was diluted 5 times (1 part solution + 4 parts distilled 
water) before taking the readings again, after which the reading of the diluted sample was 
multiplied by 5.     
 
7.3. Results and discussion 
7.3.1. Comparison of UV (Wako assay) and blood glucose monitor for glucose sensing 
 The screening for optimum biomass and cellulolytic enzyme/organism combinations calls 
for the execution and repetition of thousands of experiments. While spectrophotometric assays, 
such as, the Wako UV assay are known to be accurate for determining glucose concentrations, 
they are time consuming due to the need for incubation during color development. Further, the 
dispensing of small volumes is prone to human error. Finally, the results need to be processed to 
arrive at the glucose concentration. On the other hand, the diabetic blood glucose monitor 
determines glucose concentrations of clinical blood samples within seconds with no need for 
processing. The feasibility of using such a blood glucose monitor for determining glucose yields 
from enzymatic saccharification of cellulose was evaluated in this study. The monitor used was 
Freestlye Freedom™ (Abbot), a commercially available coulometry based instrument that uses 
GDH enzyme. 
 For this purpose, aqueous glucose solutions of known concentration were analyzed by 
both techniques. The data obtained is tabulated in Table 7.2 and plotted in Fig. 7.7. Each data 
point was averaged from four replicates. Fig. 7.7 and Table 7.2 illustrate that the data from both 
techniques can be fitted to a linear trendline (R2 > 0.99) and that standard deviations are 
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relatively small. Readings from both methods match very closely with known values at lower 
glucose concentrations.  
 The glucose concentration determined from the UV assay tends to slightly underestimate 
the known value at glucose contents in excess of 6 g/L. The assay procedure does recommend 
diluting the sample with an equivalent volume of distilled water and multiplying the result by 2 
in case of glucose contents exceeding 700 mg/dL. This was not practiced, which could explain 
the deviation at higher glucose contents 77. Nevertheless, the results agree with the known fact 
that the commercial spectrophotometric UV assay from Wako is an effective method of detecting 
glucose concentration of aqueous solutions.  
 On the other hand, the glucose monitor readings tend to slightly overestimate glucose 
concentrations above 4 g/L. It must be reiterated that the glucose monitor is designed to work 
within physiological glucose concentrations and displays ‘HIGH’ above concentrations of 4.5 
g/L (450 mg/dL). To obtain the results at higher concentrations the solutions were diluted 5 times 
(1 part solution + 4 parts distilled water) before taking the readings, which were then multiplied 
by 5. It is possible that human errors associated with dilution could have resulted in an 
overestimation of the glucose content. However, in spite of this deviation at higher 
concentrations, the detected values are not too far from the known concentrations and the plot 
also retains its linearity (Fig. 7.7). These results with aqueous glucose solutions demonstrate that 
the blood glucose monitor can be used to accurately determine glucose concentrations. At 
concentrations above 4 g/L, the solutions need to be diluted. Such a technique will greatly 
reduce the cost and time for measuring glucose with scientific accuracy. 
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7.3.2. Effect of cellobiase addition  
 The enzyme cellobiase hydrolyzes cellobiose to glucose. While most commercial 
cellulase systems do contain cellobiase 78, an addition of supplemental cellobiase has been found 
to increase the glucose yield by as much as 56 % 45. Other researchers have also used excess 
cellobiase 35, 36, 45. 
 To investigate the effect of cellobiase, 100 mg of Sigmacell (pure cellulose without 
pretreatment) was enzymatically hydrolyzed according to the procedure in Section 7.2.2.2 with 
the addition of varying quantities of cellobiase in the reaction mixture. Fig. 7.8 is a plot of the 
glucose yield as detected by glucose monitor against an increasing amount of cellobiase in the 
enzymatic hydrolysis. It shows that cellobiase significantly increases the glucose yield, which is 
in agreement with the work of other researchers 35, 36, 45. However, what is more interesting is the 
trend. Addition of just 25 μL of cellobiase increased glucose yield from 1.82 g/L to 3.82 g/L, an 
increase of more than 100 %. The addition of further cellobiase, however, decreased the glucose 
yield. This implies that there is an optimum cellobiase content at which maximum glucose 
conversion is attained. It has been speculated that the presence of cellobiose in the reaction 
mixture retards the activity of cellulase 24. The addition of supplemental cellobiase breaks down 
this cellobiose into glucose. Such a trend is indicative of some signaling mechanism which 
retards cellulase activity not only in the presence of cellobiose but also, perhaps to a lesser 
extent, in the presence of glucose. This results in the prevalence of an optimal supplemental 
cellobiase concentration for the enzymatic hydrolysis. 
 Based on the results of this experiment, 25 μL of cellobiase was added to the enzymatic 
hydrolysis of poplar wood shavings in the following studies.   
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7.3.3. Effectiveness of pretreatments towards improving glucose yields 
 Table 7.3 lists the glucose yield from enzymatic saccharification of poplar wood shavings 
as determined by spectrophotometric assay and blood glucose monitor. The effect of various 
pretreatments on glucose yield is presented in the table. Since the glucose yield is obviously 
affected by cellulose/cellulase ratio, the amount of biomass added into the enzymatic hydrolysis 
reaction was varied from 25 mg to 200 mg, keeping all other parameters constant according to 
Section 7.2.2.2. Each result is an average of 4 replicates. 
7.3.3.1. FeCl3 pretreatment 
 As can be seen from Fig. 7.9, hydrolysis in the presence of FeCl3 has a noticeable effect 
on the glucose output upon enzymatic saccharification. When the wood shavings were pretreated 
by refluxing in a 5 % solution of FeCl3 in distilled water, the glucose output went up 
significantly in comparison to wood shavings with no FeCl3 pretreatment. The use of a 2.5 % 
aqueous solution of FeCl3 in the pretreatment resulted in even higher glucose conversion from 
the enzymatic hydrolysis. When 200 mg of 2.5 % FeCl3 pretreated wood shavings was 
enzymatically degraded, the glucose production quadrupled in comparison to a similar sample 
without such pretreatment. 
 From these results one can clearly infer that FeCl3 pretreatment significantly increases 
glucose production upon enzymatic degradation of poplar wood shavings. This is possibly due to 
the ability of ferric ions to disrupt the hydrogen bonded structure of cellulose fibers, which 
interrupts their ordering 52. These results were in agreement with others who proposed the use of 
FeCl3 and other Lewis acid pretreatments to enhance glucose conversion 48-50. The reason for 
decreasing glucose production with further increasing FeCl3 contents is not fully understood. 
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One explanation could be that the removal of FeCl3 after the hydrolysis was more difficult at 
higher FeCl3 contents and residual ions may have had an adverse effect on cellulase activity. 
7.3.3.2. NaOH/urea pretreatment 
 Fig. 7.10 shows a suspension of Sigmacell cellulose in NaOH/urea solution before and 
after dissolution at – 15 ºC. The images clearly demonstrate that cellulose was indeed dissolved 
in the NaOH/urea solution when placed in a saltwater/ice bath at – 15 ºC. The slight haze in Fig. 
7.10.b is due to the fact that the vial was taken out of the cold bath and wiped thoroughly with a 
paper towel to get a clear image. This may have resulted in some warming up. When in the bath, 
the solution was completely clear. 
 The wood shavings were also pretreated with cold NaOH/urea before enzymatic 
hydrolysis. Fig. 7.11 illustrates the enhancement in the glucose yield when the wood shavings 
were pretreated with cold NaOH/urea solution prior to enzymatic hydrolysis. The results clearly 
show that glucose production is significantly improved in every case. The best results were for 
200 mg of shavings where the glucose production quadrupled. This is particularly encouraging 
considering the fact that the same quantity of cellulase was used in all cases. It means that high 
glucose output can be achieved via such a pretreatment even when the cellulose/cellulase ratio in 
the enzymatic hydrolysis is relatively high, which would lower enzyme costs. 
 A rather undesirable observation from Fig. 7.11 is that there is a considerable discrepancy 
of 0.2 to 0.4 g/L between the glucose yields shown by the spectrophotometric assay and the 
blood glucose monitor. This discrepancy is also rather difficult to explain at this moment because 
the glucose readings are well within the detection range of both techniques. However, the blood 
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glucose monitor does consistently exceed the value obtained from assay and standard deviations 
are not excessively high for either technique (Table 7.3).   
7.3.3.3. Combination of the two pretreatments 
 Fig. 7.12 summarizes the effect of different pretreatments on glucose production in bar 
graph (a) and scatter form (b). The glucose yield obtained upon combining the FeCl3 
pretreatment with cold NaOH/urea pretreatment obviously stands out. When 100 or 200 mg of 
wood shavings is subjected to FeCl3 pretreatment followed by dissolution in cold NaOH/urea 
before enzymatic degradation, the glucose production jumps from ~ 0.2 to 0.5 g/L (depending on  
detection method) to ~ 2.5 g/L, which amounts to a more than 500 % improvement. Therefore, 
the combination of the two pretreatment methods is certainly the most efficient method to 
improve enzymatic glucose conversion from poplar wood shavings. This is probably because the 
FeCl3 pretreatment disrupts the cellulose structure and the dissolution step removes the 
hemicellulose in the sample, in addition to disrupting the crystallinity. 
 A further advantage is that any FeCl3 that remains trapped between the cellulose fibers 
during the first pretreatment will be removed with the cold NaOH/urea during the second 
pretreatment step. The only energy intensive processes involved in the entire operation are the 
overnight hydrolysis step in FeCl3, which involves refluxing in water and the two hour 
enzymatic digestion at 37 ºC. Once the method is optimized, there is also no need for repetitive 
washing or drying of the biomass between the steps. The saltwater/ice bath is commonly used in 
fish markets and is inexpensive. Also, all the reagents used in the process are cost effective. Of 
course, we are fully aware that any process with practical and commercial values must meet the 
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low cost requirement to compete in the market place. Our group will continue this effort to 
develop a competitive process in the near future. 
 
7.5. Conclusions 
 A diabetic blood glucose monitor (Freestyle Freedom™, Abbott) was evaluated against a 
commercially available spectrophotometric UV assay (Wako) as quick and convenient 
techniques for determining glucose yields from enzymatic saccharification of biomass. It was 
observed that at higher concentrations the UV underestimates and the glucose monitor 
overestimates the glucose concentration of aqueous solutions. If the glucose monitor becomes a 
popular tool for sensing of glucose yield from enzymatic saccharification, it is highly likely that 
sensor technology will develop to accommodate even higher concentrations without the need for 
any dilution. However, the overestimated readings with the five times diluted samples used in 
this study were still close enough to the actual glucose concentrations to support the idea of using 
glucose monitors for such research. It is suggested that the spectrophotometric assay could be 
applied to obtain a pilot reading, following which the glucose monitor can be used to rapidly 
reproduce the results many times. Such an approach could save a significant amount of time 
when screening biomass and enzyme combinations. 
 The addition of extra cellobiase was found to play a key role in enhancing the glucose 
yield during enzymatic saccharification of pure cellulose (Sigmacell). The glucose production 
enhancement went through a maximum at around 25 μL of supplemental cellobiase in our 
system after which it gradually declined. This provides further evidence towards proving that the 
presence of cellobiose in excess in the hydrolysis mixture retards cellulase activity 24. 
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 The effect of two different pretreatments on the glucose yield from enzymatic 
saccharification of abundantly available poplar wood shavings was examined. The first was an 
overnight hydrolysis in the presence of FeCl3, a Lewis acid catalyst known to disrupt the 
structure of cellulose by disrupting hydrogen bonding. It was found that refluxing the wood 
shavings in a solution of 2.5 % FeCl3 in distilled water resulted in higher glucose conversion 
than a 5 % FeCl3 solution. Encouraged by reports of successful dissolution of cellulose in cold 
NaOH/urea by Lina Zhang’s group in China 47, 53-58, the dissolution of wood chips in cold 
NaOH/urea was used as a second pretreatment. While the wood chips did not make a clear 
solution (unlike the pure cellulose), glucose yield was significantly increased when the 
regenerated material was subjected to enzymatic degradation. The combination of the FeCl3 
pretreatment with dissolution in cold NaOH/urea was shown to increase the glucose yield by a 
remarkable 500 % upon enzymatic saccharification. This combination of pretreatments 
represents an effective and energy intensive method for glucose production from the enzymatic 
degradation of poplar wood. Finally, since this study has demonstrated significant improvement 
in glucose conversion from wood shavings, there is no need for energy intensive mechanical size 
reduction processes to decrease the size of biomass.  
 
7.6. Future work 
 It must be noted that this work is an ongoing research project that was initiated 
experimentally as recently as December 2008 in our laboratories though our planning began a 
few years earlier. While the results present a convincing argument for the effectiveness of blood 
glucose monitor as a detection technique and the enhanced glucose production due to addition of 
375 
 
cellobiase and the two pretreatments, several important experiments still need to be executed. 
Firstly, cellobiase additions in the 0 to 25 μL range need to be explored to determine the peak 
where glucose production is maximized. These experiments then need to be executed again on 
the wood shavings to test if the peak shifts. Secondly, FeCl3 pretreatments at concentrations 
under 2.5 % concentration need to be carried out since a 2.5 % solution led to better glucose 
yield than 5 %. Also the effect of combining FeCl3 and cold NaOH/urea pretreatments on pure 
Sigmacell cellulose is needed as a control experiment. Finally, an investigation of the structure of 
the cellulose or biomass before and after pretreatment and enzymatic hydrolysis may provide a 
more fundamental understanding of the process. This can be done by SEM imaging and also by 
examining the crystallinity using XRD. 
 On a broader note, various other energy efficient pretreatments also merit investigation. 
One suggestion is cooking the biomass for a few days in a pressure–cooker at 60 to 80 ºC in 
ethanol in presence of FeCl3. Such temperatures are common in hot deserts and solvent can be 
recovered at night when the temperature drops. Another is the use of used tea leaves as biomass, 
since some of the hemicelluloses are likely to have been removed during the brewing process. 
Recycled paper may also be a useful biomass substrate. Finally, since our group has pioneered 
the biocompatible, nonsurfactant templated synthesis of mesoporous materials for enzyme 
immobilization, we have envisioned that the further reduction of the cost of biofuel production 
could be achieved by encapsulating and, hence, repeatedly using cellulases and other relevant 
enzymes in either batch and/or flow type of reactors.  
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Table 7.1. Cellulose/lignin/hemicellulose contents of selected biomass (wt. %) 3. 
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Table 7.2. Means and standard deviations of glucose concentrations determined by 
spectrophotometic (UV) and glucose monitor detection methods. Each data point was replicated 
4 times. 
 
Known 
glucose 
concentrationa   
 
 
           
(g/L) 
Glucose 
concentration 
detected by 
UV (Wako 
assay)  
 
(g/L) 
Standard 
deviation by 
UV (Wako 
assay) 
 
 
Glucose 
concentration 
detected by 
glucose 
monitor  
 
(g/L) 
Standard 
deviation by 
glucose 
monitor 
 
 
2 1.725745 0.22796 1.895 0.120208 
4 3.807869 0.167999 3.995 0.176777 
6 5.891902 0.20041 6.65 0.212132 
8 7.592819 0.217156 8.815 0.162635 
10 9.045837 0.036733 10.9 0.282843 
 
a Solutions prepared by dissolving calculated mass of glucose in distilled water in volumetric 
flask  
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Table 7.3. Glucose yield from enzymatic saccharification of poplar wood shavings as determined 
by spectrophotometric assay and blood glucose monitor.   
 
Sample and 
pretreatment 
 
 
 
Biomass 
added 
 
 
 
(mg) 
Glucose 
concentration 
detected by 
UV (Wako 
assay) 
(g/L) 
Standard 
deviation 
by UV 
(Wako 
assay) 
 
 
Glucose 
concentration 
detected by 
glucose 
monitor 
(g/L) 
Standard 
deviation 
by 
glucose 
monitor 
 
 
Sigmacell (pure 
cellulose) 
25 2.125 0.172 2.363 0.095 
50 2.505 0.121 2.895 0.075 
100 2.816 0.074 3.083 0.073 
200 3.313 0.269 3.428 0.026 
untreated wood 
shavings 
25 0.068 0.035 LOW LOW 
50 0.122 0.025 0.230 0.014 
100 0.161 0.021 0.325 0.007 
200 0.284 0.054 0.510 0.042 
2.5 % FeCl3 treated 
wood shavings 
25 0.430 0.014 0.445 0.021 
50 0.550 0.028 0.580 0.014 
100 0.770 0.028 0.800 0.014 
200 1.000 0.014 1.020 0.014 
5 % FeCl3 treated 
wood shavings 
25 0.329 0.027 0.305 0.007 
50 0.389 0.030 0.380 0.014 
100 0.537 0.039 0.545 0.049 
200 0.642 0.045 0.630 0.042 
cold NaOH/urea 
treated wood shavings 
25 0.382 0.015 0.610 0.014 
50 0.791 0.003 1.025 0.021 
100 0.963 0.015 1.350 0.042 
200 1.393 0.011 1.765 0.064 
2.5 % FeCl3 +         
cold NaOH/urea 
treated wood shavings 
25 0.976 0.002 1.100 0.014 
50 1.501 0.002 1.540 0.000 
100 2.575 0.009 2.195 0.021 
200 2.545 0.081 2.630 0.042 
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Fig. 7.1. False color SEM images of corn stover cell walls courtesy NREL 8. a) original sample 
b) changes after partial pretreatment c) full pretreatment.   
 
 
a 
b 
c 
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Fig. 7.2. Two domain architecture of cellulases 14. 
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Fig. 7.3. Optical microscopy images of 4 % cellulose dissolved in 7% NaOH/ 12% urea aqueous 
solution at different temperatures for 2 min (work of Qi et al.) 58. Transformation of system from 
true solution to swollen fibers is observable.  
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Fig. 7.4. Schematic illustration of the dissolution of cellulose in NaOH/urea aqueous solution at 
low temperature. Adapted from the work of Cai and Zhang 53. 
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Fig. 7.5. Schematic illustration of the working of a blood glucose monitor via photometry (upper path) or electrochemistry (lower 
path) 71. 
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Fig. 7.6. Response of different amperometric blood glucose monitors at high and low pH 
(nonphysiological) from work of Firzgerald and Vermerris a) Accu-Check® Advantage b) 
Precision QID®  69. 
 
 
 
 
 
 
 
a b
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Fig. 7.7. Comparison of glucose determination by spectrophotometic (UV) and glucose monitor 
detection methods. Each data point was replicated 4 times. Dashed line (expected value) is based 
on prediction. 
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Fig. 7.8. Effect of addition of cellobiase into enzymatic hydrolysis of Sigmacell. Glucose content 
(Y–axis value) determined by glucose monitor.   
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Fig. 7.9. Effect of hydrolysis in presence of FeCl3 (Section 7.2.2.1.a) on glucose yield upon 
enzymatic saccharification of poplar wood. (WS = wood shavings; GM = glucose monitor) 
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Fig. 7.10. Dissolution of Sigmacell (pure cellulose) in cold NaOH/urea solution. a) suspension of 
Sigmacell cellulose in NaOH/urea solution b) solution of Sigmacell cellulose in NaOH/urea after 
removing from –15 ºC bath.   
 
 
 
 
a b
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Fig. 7.11. Effect of dissolution in cold NaOH/urea on glucose yield upon enzymatic 
saccharification of poplar wood. (WS = wood shavings; GM = glucose monitor) 
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Fig. 7.12. Summary of all pretreatments on glucose yield from enzymatic saccharification of 
poplar wood. (WS = wood shavings; GM = glucose monitor). a) bar graph form b) scatter plot. 
a 
b 
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Appendix A: Synthesis and characterization of novel inorganic–organic hybrid 
polyacrylates with three organic components 
 
A.1. Introduction and motivation 
 Polymers with an organic component covalently bonded to an inorganic backbone are 
described as inorganic–organic hybrid materials. These materials are expected to possess tunable 
properties of both organic polymers and inorganic glass, therefore offering a ‘best of both 
worlds’ scenario 1. Our group has reported the synthesis and characterization of a number of such 
materials 1-6. All of these novel materials involve the covalent bonding of polyacrylates with 
silica via the sol–gel process. The novel hybrid materials offer two vital advantages of low 
volumetric shrinkage and optical transparency.  
 Most hybrid materials produced by traditional sol–gel processes are associated with very 
high volume shrinkages of 50 to 75 % on account of the need for removal of volatile byproducts 
generated by the hydrolysis and condensation reactions. This often results in crack formation and 
poor dimensional control in the final monolith 7. However, the novel hybrid polyacrylates 
prepared by our group showed low volume shrinkage with good dimensional control and were 
virtually crack–free 8. In our method for poly (HEMA-silica) (PHS) hybrids, the silica backbone 
was formed via acid catalyzed hydrolysis and condensation of a precursor such as TEOS. 
Covalent incorporation of the organics was achieved by simultaneous hydrolysis of 2–
hydroxyethyl methacrylate (HEMA) during the hydrolysis of TEOS. The acrylic moiety attached 
onto the silica network by condensation of the OH group of HEMA with silanols on the silica 
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backbone. The entire condensation step was carried out under vacuum to remove solvent and 
byproducts. Finally, the liquid resin was mixed with thermal initiator and polymerized by 
heating. Discs made from cast specimens of such hybrids were completely clear (Fig. A.1.a) 5. 
The materials owe their unique low–shrinkage property to the vacuum–assisted removal of 
solvent which was carried out during the condensation step. Increasing the SiO2 content led to a 
corresponding increment in modulus and hardness 5. 
 In 2008, our group incorporated a second acrylic component into the PHS hybrids in an 
attempt to improve upon the present systems 6, 8. This acrylic component was glycidyl 
methacrylate (GMA). In sol–gel reactions, it is the condensation step which leads to release of 
volatile byproducts, resulting in volume shrinkage. Also, condensation can continue well after 
the hydrolysis is complete, particularly at high temperatures. Therefore, the presence of residual 
silanol groups where HEMA attachment had not occurred could generate water via condensation, 
leading to possible shrinkage or cracking in PHS materials. The outcome of adding the GMA 
component was the ‘capping’ of these residual silanol groups. The epoxy group of GMA reacts 
with the OH of the silanol by a SnCl4 catalyzed ring opening reaction which covalently attaches 
the GMA unit to the silica backbone. This produces a silica network without any residual silanols 
8. The resulting hybrid resin is can be thermally polymerized by free–radical mechanism to 
generate large crack–free, transparent castings (Fig. A.1.b). The reaction scheme is schematically 
illustrated in Fig. A.2.  
 Both PHS and PHGS systems could incorporate upto 30 wt. % of SiO2 and had high 
elastic modulus and compressive strengths 5, 6, 8. Based on these results, it was appealing to 
investigate the effect of a third organic component into the PHGS system. Two different 
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monomers, styrene (Sty) and tetrahydrofurfuryl methacrylate (THFMA) were added into the 
PHGS system. 
 
A.2. Experimental Part 
A.2.1. Materials 
 Tetraethylorthosilicate (TEOS); tetrahydrofuran (THF); 2–hydroxyethyl methacrylate 
(HEMA); glycidyl methacrylate (GMA); dibenzoyl peroxide (BPO) and styrene (Sty) were 
purchased from Aldrich. Tetrahydrofurfuryl methacrylate (THFMA) was graciously donated by 
Esstech. HEMA, GMA and styrene were purified by distillation. BPO was purified by 
recrystallization. 
A.2.2. Synthesis of polyacrylate hybrid resins with three organic components 
 The poly (HEMA-GMA-Sty-silica) and poly (HEMA-GMA-THFMA-silica) hybrids 
were synthesized using the same methodology which was applied in PHGS synthesis 6, 8. The 
SiO2 content of both hybrids was maintained at 15 wt. % and the molar ratios of the three 
organic components were maintained at 1:1:1. 
 In a typical procedure for preparation of 75 g of poly (HEMA-GMA-Sty-silica), 10.1 g 
distilled H2O (0.561 mol), 0.19 g 2M HCl, 27 g (0.374 mol) THF and 22.04 g HEMA (0.169 
mol) were charged into a pre–weighed 250 mL two neck round bottom flask followed by stirring. 
39 g TEOS (0.187 mol) was then charged into the reactor and the solution became clear within 
10 min (0.187 mol of TEOS generates 11.25 g SiO2 upon complete hydrolysis which 
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corresponds to 15 wt. % of 75 g of hybrid). The solution was then heated for 3 hrs at 60 ºC under 
nitrogen protection and evaporation of THF was prevented by applying a water–cooled 
condenser. Next, this prehydrolyzed sol–gel was brought to room temperature and then 
evacuated using a vacuum pump until the mass of the flask contents were reduced to half the 
original weight. 24.05 g GMA (0.169 mol) with 0.062 g BPO (500 ppm based on total weight of 
vinyl monomers) dissolved in it was charged into the reactor and stirring was continued under 
vacuum. After 1 hr 5.5 μL SnCl4 catalyst (500 ppm based on weight of GMA) was dispensed 
into the reactor, which led to the appearance of smoky fumes. Stirring was continued for 15 min 
under a gentle purge of nitrogen following which vacuum was applied for another 10 min. At 
this point the transparent sol in the flask became slightly viscous and 17.68 g styrene (0.169 mol) 
was added in. This was followed by vacuuming for another 20 min after which no further weight 
loss was observed. This afforded the optically clear poly (HEMA-GMA-Sty-silica) resin which 
was stored in a –20 ºC freezer.   
A.2.3. Polymerization of polyacrylate hybrid resins with three organic components 
 Since the thermal initiator BPO was already added into the hybrids during the capping 
step, the resins could be polymerized by heating. The hybrid resins prepared in the previous step 
were carefully filled into glass molds using a pipette. The molds were then placed in a 65 ºC 
convection oven for 18 hrs to allow thermal free–radical polymerization. The final product was 
obtained in the form of a hard, crack–free transparent rod of the inorganic–organic polyacrylate 
monolith.  
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A.2.4. Mechanical testing 
 The hybrids were tested under compression to measure the modulus, yield stress and 
compressive strength. Specimens were cut with length/diameter ration of 2:1 in accordance with 
ASTM D695 specifications, using a diamond saw. The specimens were compression tested on a 
servohydraulic machine (Mini-Bionix 2, MTS, Eden Prarie, MN). Crosshead speed of 10 
mm/min was employed. Compressive strength (σ) was calculated according to the equation: 
σ = F/A 
where F = maximum failure load, A = initial crossectional area of the specimen. Compressive 
modulus was determined from the slope of the linear portion of the stress–strain curve.  
 
A.3. Results and discussion 
 The structures of styrene, THFMA, HEMA and GMA are presented in Scheme A.1. 
 
Scheme A.1. Structures of the organic monomers present in the novel hybrid resins. 
 The purpose of adding the third organic monomer (styrene and THFMA) was to extend 
the PHGS system. It was also worth investigating whether the addition of a third component with 
no covalent bonding onto the silica backbone would still retain the transparency of the material, 
without phase separation. Styrene was chosen because of its low cost and high rigidity. The poly 
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(HEMA-GMA-Sty-silica) hybrid was optically clear with no cracks as can be verified from the 
image of a cast specimen in Fig. A.3 (left). Its modulus was 3.2 GPa compared to 3.8 GPa for 
PHGS with the same SiO2 content (15 %). The material also had lower yield stress and 
compressive strength. The materials could not be strain–loaded and cracked with 15 to 30 % 
strain. According to the ‘Handbook of plastics testing and failure analysis’, a material with such 
properties can be classified as ‘hard and strong’ 9. 
 The purpose of adding THFMA was due to its high biocompatibility and rigidity, even as 
it uptakes large quantities of water 10. The image of a cast specimen in Fig. A.3. (right) shows 
that the poly (HEMA-GMA-THFMA-silica) hybrid was also optically clear and did not have any 
cracks. However, the modulus of 2.3 GPa was much lower than PHGS. A low yield stress of 
only ~ 84 MPa combined with a high compressive strength of 200 MPa indicates a relative soft 
and flexible material which can be easily strain–loaded. Indeed, the materials could tolerate 
compressive loads even at 50 to 60 % strain.  
 Fig. A.4 compares the TGA weight loss curves of the two novel hybrid polyacrylates 
with three organic components in 1:1:1 mol ratio against PHGS (mol ratio of HEMA:GMA = 
2:1). All the three polyacrylates were targeted to contain 15 wt. % SiO2 which is in agreement 
with the mass of the final residue. The plot shows that poly (HEMA-GMA-THFMA-silica) 
undergoes a 10 % weight loss at ~ 273 ºC in air when heated at 20 ºC/min. This is 20 ºC less than 
PHGS. On the other hand, poly (HEMA-GMA-Sty-silica) shows a 10 % weight loss at 343 ºC 
under similar conditions, indicating that the thero–oxidative stability of the polyacrylate 
containing styrene is superior to PHGS.  
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A.4. Conclusions 
 Two novel inorganic–organic polyacrylate hybrids poly (HEMA-GMA-Sty-silica) and 
poly (HEMA-GMA-THFMA-silica) were synthesized to expand on the previously reported poly 
(HEMA-GMA-silica) PHGS system. The hybrids contained three organic components in a 1:1:1 
molar ratio and 15 wt. % of SiO2. The materials were optically transparent and crack–free. 
Mechanical testing revealed that compressive properties of the novel composites were inferior to 
the previously reported PHGS systems. However, the incorporation of styrene as a third 
monomer can help reduce cost and was also observed to improve the thermal properties of these 
materials. The inclusion of THFMA may help extend the biocompatibility of these materials. 
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Table A.1. Mechanical properties of two different the polyacrylate hybrid resins with three 
organic components tested under compression. 
 
Sample  Modulus ± SD  (GPa) 
Yield stress ± 
SD      (MPa) 
Compressive 
strength ± SD 
(MPa) 
poly(HEMA-GMA-Sty-silica) (1:1:1: 15 wt.%) 3.2 ± 0.25 (5) 140 ± 14 (5) 154.3 ± 18 (5) 
poly(HEMA-GMA-THFMA-silica) (1:1:1: 15 wt.%) 2.3 ± 0.5 (6) 83.7 ± 21 (6) 200.3 ± 124 (6) 
poly(HEMA-GMA-silica)(2:1: 15 wt%) 6 3.8 ± 0.01 182 ± 5 195 ± 19 
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Fig. A.1. a) Pictures of polished poly(HEMA-silica) hybrid nanocomposite samples and 
Plexiglas™ (PMMA) sample 5 b) Optical clarity of poly(HEMA-GMA-Silica) hybrids 8. 
 
 
 
 
a
b
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Fig.  A.2. A schematic of the poly(HEMA-GMA-Silica) (PHGS) synthesis procedure 8. 
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Fig. A.3. Images of poly(HEMA-GMA-Sty-silica) (left) and poly(HEMA-GMA-THFMA-silica) 
(right) specimens prepared by casting in mold. 
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Fig. A.4. TGA weight loss curves of poly(HEMA-GMA-Sty-silica) and poly(HEMA-GMA-
THFMA-silica) compared with PHGS at 20 ºC/min in air. 
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Appendix B: Synthesis and thermal characterization of thermally stable poly 
[(arylenedioxy)(diphenylsilylene)]s 
 
B.1. Introduction and motivation 
 Advancements in the electronics and aerospace industries have created a demand for 
elastomeric materials which retain their properties at temperatures close to 350 ºC. Conventional 
elastomers typically tend to fail at around 200 ºC, above which only silicone rubber retains its 
strength 1, 2. The higher bond dissociation energy and length of the Si–O bonds imparts an 
extraordinary combination of superior thermal stability and flexibility to these materials, making 
them useful as high temperature elastomers. Of such polysiloxane materials, 
polydimethylsiloxane (PDMS) with a –(CH3)2Si––O– repeat unit is perhaps the most well 
known. PDMS, however, suffers from a number of drawbacks including poor rigidity and 
degradation at higher temperatures which produces low molecular weight cyclics. The generation 
of volatile cyclic byproducts affects the high temperature durability of pure polysiloxanes 3, 4.   
 As described in Chapter 6, the incorporation of thermally stable aromatic rings in the 
backbone improves thermal durability. Poly[(biphenylenedioxy)(diphenylsilylene)], an aromatic 
polysiloxane was known to be stable up to 600 °C 3, 5. Aromatic units in the backbone increase 
high temperature rigidity of the polymer which is manifested in Tg values greater than 100 °C 6. 
 The first objective of this investigation was to carry out the synthesis and characterization 
of a number of aromatic polysiloxanes or poly[(arylenedioxy)(diphenylsilylene)]s with different 
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aromatic units in the backbone. The structures of repeat units of conventional polysiloxanes and 
the poly[(arylenedioxy)(diphenylsilylene)]s prepared in this work are illustrated in Scheme B.1. 
 
Scheme B.1. Repeat units of polysiloxanes and poly[(arylenedioxy)(diphenylsilylene)]s. 
 While the synthesis and characterization of several such aromatic polysiloxanes has been 
individually described by earlier workers 5-7, few reports compare their properties 8. 
 A second objective was to incorporate crosslinkable groups at the chain ends of these 
polymers. This was to be achieved by endcapping the polymers with ethynyl containing 
endgroups, which could be crosslinked by free–radical curing of triple bonds. Such crosslinking 
was expected to lead to improvement in thermal stability and rigidity at higher temperatures. 
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B.2. Experimental Section 
B.2.1. Materials 
 Dichlorodiphenyl silane (DCDPS), 98 %; 2–bromohydroquinone, 99 %; phenol; lithium 
phenylacetylide (1 M solution in THF); toluene (anhydrous) and tetrahydrofuran (THF) were 
purchased from Gelest. 4,4’–Biphenol, 99 %; 4,4’–(Hexafluoroisopropylidene)diphenol 
(Bisphenol F), 98 %; 9,9–Bis(4–hydroxyphenyl)fluorine (4,4’– (9–Fluorenylidene)diphenol), 98 
% ; 2,7–Dihydroxynaphthalene (2,7–Naphthalenediol), 99 % and triethylamine, 99 % were 
purchased from TCI America. Methanol (Pharmaco) was available in house. 
B.2.2. Synthesis of the poly[(arylenedioxy)(diphenylsilylene)]s 
 The polymers were synthesized by polycondensation of DCDPS with the desired 
aromatic diol at 80 °C in toluene, in the presence of triethylamine as HCl scavenger. The crude 
polymer was purified by precipitating twice in methanol (nonsolvent). 
 In a typical procedure for the synthesis of poly[(biphenylenedioxy)(diphenylsilylene)], 
3.73 g biphenol (0.02 mol) was charged with the help of a powder funnel into a 100 mL 3 neck 
RB with a stir bar and thermometer. To this was added 4.25 g triethylamine (0.042 mol) and 30 
mL of toluene (solvent). The mixture was slowly stirred under nitrogen and heated to 70 ºC. A 
creamy suspension formed. Evaporation of toluene was prevented by using a water–cooled 
Liebig condenser. At this point, a solution of 5.32 g DCDPS (0.021 mol) in 30 mL toluene was 
added dropwise into the mixture. A smoky precipitate was formed when the DCDPS/toluene 
solution contacted the suspension of biphenol and triethylamine in toluene. The addition was 
carried out over 60 min under a carefully controlled nitrogen purge. When addition was 
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completed, a pale yellow suspension was left in the flask. Temperature was increased to 80 ºC 
and the reaction was allowed to stir overnight. The suspension thus afforded contained the 
desired polymer, solvent, reactants and triethylamine hydrochloride salt (suspension A). 
 Suspension A was dispensed dropwise into a beaker containing 1 L of methanol 
(nonsolvent) under stirring. The precipitate thus formed was the crude 
poly[(arylenedioxy)(diphenylsilylene)] polymer. The crude polymer was then separated by 
filtration and purified twice by dissolution in THF followed by filtration through a Whatman 42 
fine pore filter paper.   
B.2.3. Endcapping with lithium phenylacetylide 
 For endcapping, 25 mL of toluene was added into Suspension A described in the previous 
section and the reactor was immersed in a dry ice/isopropanol bath (after removal of 
thermometer). 2.5 mL of lithium phenylacetylide solution (2.5 mmol) was then charged with a 
glass syringe into the cold suspension and stirring was continued for 30 min in the dry ice/ 
isopropanol bath. Upon warming to room temperature, the suspension was dispensed into a 
beaker containing 1 L of methanol. The purification of the crude polymer was carried out as 
mentioned in the previous section (Section B.2.3). 
B.2.4. Characterization 
 Molecular weights were determined using a Waters 590 (Waters Corp., Milford, MA) 
system equipped with a Phenogel 1µ 103 A column (Phenomenex, Torrance, CA) and a Waters 
410 refractive index detector. Elution rate was maintained at 1 mL/min. THF was used as eluent 
for all cases and polystyrene standards were used for calibration. HNMR and CNMR spectra 
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were obtained on a 500 MHz UnityInova instrument (Varian Inc., Palo Alto, CA). FTIR spectra 
were acquired on a Perkin-Elmer Spectrum One FTIR spectrometer (Perkin-Elmer Co., Norwalk, 
CT), using the attenuated total reflectance (ATR) mode. Differential scanning calorimetry (DSC) 
was performed using a heat–cool–heat cycle at a rate of 15 °C/min in nitrogen on a TA Q100 
instrument (TA Instruments Inc., New Castle, DE). Thermogravimmetric analysis (TGA) was 
run in both nitrogen and air at 10 °C/min on a TA Q50 instrument.  
 
B.3. Results and discussion 
B.3.1. Synthesis of the poly[(arylenedioxy)(diphenylsilylene)]s and appearance of the 
product 
 The reaction scheme for the polycondensation process is explained in Scheme B.2. 
 
   Scheme B.2. Reaction scheme for the synthesis of poly[(arylenedioxy)(diphenylsilylene)]s. 
 The polycondensation was successfully accomplished in toluene in spite of the fact that 
the aromatic diol monomers are insoluble in it. This was because the aromatic polysiloxane 
product was soluble in toluene. One reaction was run with THF as a solvent so that the aromatic 
diol would completely dissolve in the solvent. In this case the polymerization could be tracked 
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by insoluble salt formation. However, data from that reaction will be discussed in a future work. 
 The polymers with biphenol, bisphenol F and 4,4’–(9–Fluorenylidene)diphenol in the 
repeat unit were obtained in the form of a white powders. The other two polymers were obtained 
as brown colored flakes. The aromatic polysiloxanes are highly soluble in THF and toluene. The 
polymer can be easily cast into films upon evaporation of THF solvent. The films are optically 
transparent. While most of the polymer films were clear, the films with bromohydroquinone and 
2,7–dihydroxy naphthalene were light brown in color. The transparency of polysiloxanes with 
aromatic pendant groups a useful property in optical applications 8. 
B.3.2. Effect of backbone aromatic diol on thermal properties 
 Table B.1 describes the targeted repeat unit, isolable yield, molecular weight and 
observed properties of the five different poly[(arylenedioxy)(diphenylsilylene)]s that were 
synthesized in this study. Fig. B.1 is a DSC scan of poly [(biphenylenedioxy)(diphenylsilylene)] 
precipitated in methanol (no endcap). This representative scan was run at 15 ºC/min in a heat–
cool–heat mode, under a nitrogen atmosphere. The Tg is marked as the midpoint of the 
endothermic step of the first heat cycle. Fig. B.2 provides the TGA weight loss curves of the 
polymers run at 10 ºC/min in air. 1% weight loss values and residual SiO2 content are labeled.  
 The polymers with bromohydroquinone and 2,7–naphthalenediol in the repeat unit were 
obtained in low to moderate yields and displayed low Tg values. They did show a 1 % weight 
loss value at above 320 ºC in air, indicating desirable thermo–oxidative stability. However, the 
low Tg suggests poor rigidity at high temperatures.  
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 The aromatic polysiloxane with bisphenol F in the backbone was obtained at a very low 
yield of 33 % and showed low Tg of only 90 ºC. This Tg value was 16 ºC lower than that found 
by Saegusa et al. who used a lower heating rate 6. On the other hand, its 1% weight loss value 
was the highest of all polymers. Such a combination implies that while the material had excellent 
thermo–oxidative stability, it lacked high temperature rigidity. This material would have been a 
good candidate for thermal rigidity enhancement via crosslinking had the yield not been so low. 
 The polymer with fluorene in the backbone was obtained with a 50 % yield and also 
showed excellent thermo–oxidative stability, with a 1 % weight loss at around 380 ºC in air. The 
Tg of this material was as high as 169 ºC and this value was in close agreement with Saegusa et 
al. 6. Another notable factor is that the number average molecular weight was only 6,600. 
Therefore, it is highly likely that the fluorine group with its aromatic rings contributes 
immensely to the high temperature rigidity of this material. It is an ideal candidate for further 
thermal stability improvement via crosslinking and will be pursued in future work.   
  Poly[(biphenylenedioxy)(diphenylsilylene)] with the biphenol unit in the backbone was 
obtained in a high yield with a molecular weight of 18,000. While its 1% weight loss in air was 
at a temperature of ~329 ºC (acceptable thermo–oxidative stability), the Tg at 123 ºC was the 
second highest among all the polymers in this study.  The Tg was close to the value reported by 
Tamai et al., who also claimed a 5 % weight loss at 534 ºC for this material. Due to its low cost 
and optimum balance between high temperature rigidity (based on Tg) and thermo–oxidative 
stability (based on 1% weight loss), poly[(biphenylenedioxy)(diphenylsilylene)] was chosen as 
the candidate polymer for studying the effect of endcapping. 
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 It must be noted that difference in the MW range of the polymers is likely to affect the 
properties of the resultant polymer, which could lead to discrepancies in such a comparison. 
B.3.3. Effect of precipitation in different nonsolvents 
 The last two rows of Table B.1 describe the difference in the properties of the same 
poly[(biphenylenedioxy)(diphenylsilylene)] polymer precipitated in methanol and acetone. Out 
of the two nonsolvents, the solubility of the polymer in acetone is higher than in methanol. This 
led to the dissolution of the lower molecular weight component of the polymer in acetone, which 
resulted in a significantly higher molecular weight and lower polydispersity index (PDI) in the 
acetone precipitated polymer. As expected, the acetone precipitated polymer was obtained with a 
much lower yield. Such a phenomenon is called ‘fractionation’, where the polymer can be 
separated into high and low molecular weight fractions by a nonsolvent.  
 The fractionation effect allows the poly[(biphenylenedioxy)(diphenylsilylene)]s of high 
(Mn ~ 65k) and low (Mn ~ 15k) to be directly compared. The 1% weight loss values of the higher 
MW acetone precipitated polymer exceeded that of the lower MW methanol precipitated 
polymer by more than 100 ºC. This clearly demonstrates that the thermo–oxidative stability of 
the polymers is highly dependent on MW. However, the Tg which is a more fundamental 
property, was unaffected by molecular weight.   
B.3.4. Endcapping 
 In his excellent review Hergenrother explains that endcapping improves the thermal 
stability of polymers. He also describes several reactive and unreactive endgroups used in 
endcapping high temperature polymers 9. These are listed in Table B.2. According to 
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Hergenrother, the phenylethynyl endcap is expensive and cures at higher temperature but has a 
high thermal stability. The ready availability of lithium phenylacetylide led to the selection of the 
phenylethynyl group as a candidate to endcap poly[(biphenylenedioxy)(diphenylsilylene)]s. 
 Evidence of such endcapping is seen in the small peak at 2160 nm which corresponds to 
the C≡C stretch in the FTIR spectrum of the dry endcapped and uncapped sample (Fig. B.3). The 
appearance of two small peaks at 88 and 109 ppm in the CNMR spectrum of the phenylethynyl 
endcapped sample (Fig. B.4.a) and their absence in the uncapped sample (Fig. B.4.b) provides 
further proof that the polymer was endcapped, at least to some extent. The CNMR spectrum of 
1–phenyl–2–trimethylsilylacetylene also contained similar peaks at 95 and 105 ppm 10.  Further, 
the HNMR analysis shows that the methoxy peak for the endcapped sample at 3.6 ppm only 
integrates to a value of 13.3 (Fig. B.5.a). On the other hand, the same peak integrates to a 
magnitude of 91.6 in the unencapped sample (Fig. B.5.b). Since the TMS reference peak at 0 
ppm in both samples integrated to essentially the same value, this means that the uncapped 
sample has significantly larger methoxy content, implying that the endgroups in this case are Si–
OCH3. The lower methoxy content of the endcapped polymers means that methoxy endgroups 
are much less prominent in this material. This suggests that they were replaced by Si–C≡C–Ph 
units in this polymer. This is further verification of endcapping.  
 While the phenylethynyl endgroup was successfully incorporated into the polymer, the 
endcapping process was accompanied by a lowering of molecular weight. Fig. 3.6 shows the 
GPC traces of the endcapped and uncapped polymers based on polystyrene standards. The 
number average molecular weight of the endcapped polymer was just over half that of the 
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unendcapped polymer. This is due to degradative chain scission which decreases the molecular 
weight. 
 The reduction in molecular weight during the endcapping with lithium phenylacetylide 
has undesirable consequences towards the thermo–oxidative stability of the polymer. As can be 
seen in from the TGA weight loss curve in Fig. B.7, the weight loss from the endcapped sample 
is actually marginally greater than that from the unendcapped sample. Therefore, the expected 
improvement in the thermal stability is not realized due to the reduced molecular weight.    
 
B.4. Conclusions  
 Several different poly[(arylenedioxy)(diphenylsilylene)]s were synthesized by the 
polycondensation of DCDPS with the corresponding aromatic diols. The resultant polymers were 
compared based on yield, thermo–oxidative stability (1% weight loss) and rigidity at high 
temperature (Tg). However, differences between the molecular weights of the different polymers 
are likely to have resulted in discrepancies in such a comparison. The nonsolvent chosen for the 
precipitation and purification of the crude polymer significantly affected the results. The polymer 
precipitated in acetone had significantly higher molecular weight than that precipitated in 
methanol. Successful endcapping of poly[(biphenylenedioxy)(diphenylsilylene)] with 
phenylethynyl endgroups was verified with the help of FTIR, CNMR and HNMR. Lithium 
phenylacetylide was used as the endcapping reactant. However, the endcapping reaction led to 
rather severe reduction in the molecular weight of the polymers which masked any improvement 
in thermal stability that may have resulted from such endcapping. 
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B.5. Future work 
 This work is a part of a funded project sponsored by Green Tweed & Co., which aims at 
developing novel high temperature polymers. Many synthetic parameters can be changed for 
further improvement, e.g. changing of the reaction solvent to distilled THF to increase solubility 
of aromatic diol, use of dI water for crude polymer precipitation to avoid thermally unstable 
methoxy endcaps, etc. Poly [(fluorenylidenedioxy)(diphenylsilylene)] should also be explored as 
a likely candidate for improved thermal stability.  
 For the endcapping process, softer endcapping agents with alternative chemistry, 
including others from Table B.2 may be explored. Some of these suggestions are already being 
executed by Mr. Kerry Drake at our lab who will continue further and more extensive work on 
this project.  
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Table B.1. Structure and thermal properties of various high temperature poly[(arylenedioxy)(diphenylsilylene)]s. 
 
 
bromohydroquinone 
bisphenol F 
fluorene 
2,7-naphthalenediol 
biphenol 
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Table B.2. Reactive endgroups used for endcapping high temperature polymers 9. 
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Fig. B.1. Representative DSC scan at 15 °C/min in N2. Tg determination by Midpoint method.  
Polymer: poly [(biphenylenedioxy)(diphenylsilylene)] precipitated in methanol, no endcap.  
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Fig. B.2. Overlays of TGA curves of various methanol precipitated, non–endcapped 
poly[(arylenedioxy)(diphenylsilylene)]s run at 10 °C/min in air. 1% weight loss and final SiO2 
content are displayed. 
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Fig. B.3. FTIR analysis of phenylacetylide endcapped and unendcapped poly 
[(biphenylenedioxy)(diphenylsilylene)]. 
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Fig. B.4. CNMR analysis of a) phenylacetylide endcapped and b) unendcapped poly 
[(biphenylenedioxy)(diphenylsilylene)]. 
 
 
b
a
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Fig. B.5. HNMR analysis of a) phenylacetylide endcapped and b) unendcapped poly 
[(biphenylenedioxy)(diphenylsilylene)]. 
 
a
b
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Fig. B.6. Molecular weights of endcapped and unendcapped poly 
[(biphenylenedioxy)(diphenylsilylene)]s by analyzed by GPC. 
 
 
 
 
 
  
430 
 
 
 
Fig. B.7. TGA weight loss of phenyethynyl endcapped and unendcapped poly 
[(biphenylenedioxy)(diphenylsilylene)]. 
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Appendix C: Application of Frontal Polymerization to Manufacturing of Large 
Crossection Composite Structures by a modified Pultrusion process 
(An Independent Research Proposal Defended and Passed On September 20th, 2007 in 
Partial Fulfillment of the Requirement for the Ph.D. Candidacy) 
 
Abstract: 
This work proposes the use of steady state ascending polymerization fronts in a vertical 
reactor to cure thick-section composites such that heat transfer occurs axially rather than 
radially. Pulling the polymer from under such a front at the front velocity will retain the 
steady state nature of the process and the reaction front will be localized in space. A reactor 
configuration is proposed to produce a 100mm diameter rod of an experimental composite 
by frontal polymerization of a dimethacrylate monomer using thermal initiation. The 
process offers an energy efficient method of producing thick section composites at a 
practical rate.      
 
1. INTRODUCTION: 
Composites 
 A composite may be defined as a material made by combining two or more 
materials with distinct chemical properties in such a way that they remain macroscopally 
separated within the material. Composites generally consist of a matrix material which is in 
bulk with a filler which is the dispersed phase. Typically, the filler and matrix have 
different characteristic properties which combine beneficially to give the composite its 
unique advantages over monolithic materials such as metals, etc. Examples: Concrete, tires, 
plywood, etc. Fig. C.1. shows the advantages of composites over steel and aluminum. 
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Fig. C.1: Comparison of composites with conventional monolithic materials 1. 
Fiber Reinforced Plastics (FRP) 
 Fiber reinforced plastics (FRP) are a class of composite materials that have become 
very important recently. FRP consists of a plastic (polymer) matrix which is reinforced by 
fibers as the filler material. The fibers used are typically glass fibers, however, boron, 
carbon, aramid (Kevlar), metal and ceramic fibers have been extensively used 1. Natural 
fibers such as jute, sisal, coir, etc, have received much attention recently 2. The 
reinforcement may be as continuous fiber rovings, as discontinuous chopped strands 
(whiskers), woven or non-woven mats and also as honeycombs or other core structures. 
The main purpose of the reinforcement is to carry the load in their longitudinal direction 
and provide the necessary stiffness and strength to the composite 3. The function of the 
matrix is to hold the reinforcements together, providing them uniform load distribution and 
protect them from the environment 4. Thermosets like epoxy, phenolics, polyesters, vinyl 
esters as well as thermoplastics such as polypropylene, polyamides, polyether ether ketone 
(PEEK) have been used as matrix materials 5.   
Significance of FRP (Properties and Applications)  
 FRPs are used in applications where high strength and light weight are required. 
They offer the benefits of high impact resistance, low thermal expansion coefficient, easy 
reparability and colorability. Further, the properties may be modified to produce a material 
with desired properties. Mechanical properties can also be tailored to reach values 
comparable to those of structural steel 6.  
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 FRPs have extensive applications in civil engineering and are becoming more 
attractive compared to conventional materials owing to their declining cost. A 2002 review 
by Bakis et.al 7 provides a detailed discussion about their gaining importance in this field. 
They have also become a material of choice for off-shore construction 8. Large sized ship, 
submarine and boat parts are constructed out of FRPs 9, 10. In the automobile industry there 
is a trend towards using FRP composites in vehicle bodies 11. Almost the entire body of the 
high speed racing cars of Formula-1 12 are made from advanced composites.  Also, in 
aviation, metals are increasingly being replaced by FRPs in wings, propellers and other 
body parts 13. High strength carbon fiber composites are popular in spacecraft 14 
applications. FRPs seem to be a promising material for space stations 15 and for 
construction in space 16.  Other applications are in furniture, harnessing wind energy 17, 
sport and recreational (tennis racquets, bicycles, water-slides) etc.  
In this proposal we are particularly interested in larger, thicker composite parts such as I-
sections, planks, decks, columns, etc, which are of civil engineering interest. The 
applications could be in off-shore, civilian or space station construction. 
Manufacturing Methods 
 Table C.1 briefly summarizes the manufacturing methods and their capabilities. 
Only methods suitable to the above mentioned large and thick crossection parts are 
considered.  
 
Method name Brief description Advantages Drawbacks 
Hand/Spray 
Lay-up 
(with 
autoclave or 
ambient cure) 
In hand lay-up the 
reinforcement mat is placed on 
the mold and then manually 
impregnated with resin using 
rollers or brushes. In spray 
lay-up chopped reinforcement 
along with resin is sprayed on 
the prepared mold surface. 
The composite is left to cure 
under atmospheric conditions 
or in autoclave. 
• Unlimited part size 
• Very complex geometries 
possible 
• Excellent surface finish is 
possible 
• Low equipment and 
Tooling cost 
• Very long cycle time limits 
production volume 
• Limited scope of automation 
and mass production 
• High labor cost 
• Part quality is highly dependent 
on skill of labor 
• Added cost of heating autoclave 
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Filament 
Winding 
Reinforcement is passed 
through an initiated resin bath 
and then wound on mandrel. 
This is followed by curing in 
oven. 
• Can be automated 
• Low labor cost 
• Good surface finish 
possible 
• Unrestricted length 
• Limited hollow cylindrical 
objects and convex cones 
• Medium to high equipment and 
tooling cost 
• Energy cost of heating oven 
Pultrusion Reinforcements from creels 
are continuously pulled 
through resin bath following 
which they enter a heated die 
for curing. The cured 
composite exits the die and is 
cut to desired shape using 
automated saw. 
• Unlimited part length 
• Continuous process 
• Highly automated 
• Least labor cost 
• Good surface finish 
• Cycle time and production 
volume depend on 
thickness of crossection 
• Energy cost of heated die 
• Higher tooling and equipment 
cost 
• Mostly limited to constant 
crossections (no taper) 
Not practical for thick parts 
Table C.1: Different composite manufacturing processes. Sources: 3, 18, 19 
The Pultrusion Process 
 Pultrusion (Fig. C.2), developed in the 1950s, is a low cost, simple process for 
manufacturing of fiberglass reinforced composites. In this process the rovings (glass fiber 
yarn) are passed through a monomer bath where they are impregnated with resin. The bath 
contains monomer, catalyst, initiators and other chemicals specific to the resin formulation. 
The resin-impregnated fibers are then inserted into a heated die with the geometry of the 
crossection of the part to be produced. Here composite cures for a specific time based on 
part thickness, resin and initiator properties among several other factors. The rigid part 
obtained after curing moves further downstream where it is cut to specific length. 
 
  
Fig. C.2: The Pultrusion process 20. 
 
 
 The Pultrusion process is increasingly being used for the manufacture of continuous 
composite profiles 20-22. Starr’s book “Pultrusion for Engineers” 19 states that this is the 
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only “truly continuous” process for composite manufacturing. A 2002 US Patent 23 claims 
Pultrusion to be the most economic process for manufacturing composites. Others have 
mentioned the mechanical strength and flexibility of pultruded composite parts 24, 25, their 
superior strength to weight ratio 25 and durability 26.  
 In spite of its economic benefits and capability of high volume production 
pultrusion, just like other conventional composite manufacturing process has restrictions as 
far as crossection (thickness) of the profile is concerned 27, 28. 
 
2. CHALLENGES IN THE MANUFACTURING OF THICK COMPOSITE PARTS: 
Uneven Cure: In high temperature autoclaves as well as in pultrusion dies, the composite 
is heated from outside (Fig. C.3). Heat penetrates into the interior of the composite. The 
time taken for this depends on thickness and thermal conductivity of the system. Low 
thermal conductivities of the fiber-resin system result in slower heat transfer to the interior 
of thick crossection parts 28. If heater temperature is further raised it may lead to damage to 
the outer surface and thermal spiking which we will discuss next 29. Such undercure and 
non-uniform cure have detrimental effects for civil engineering applications 30. 
Mazumdar’s book 3 says that a 0.125 in. thick profile can be pultruded at about 3-4ft /min 
but a 0.75 in. thick section can only be produced at around 9in./min. 
 
                                             
Fig. C.3: Curing in conventional composite manufacturing process is by heat transfer from 
exterior to interior. 
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 Ramakrishnan et.al 31 have stated that these “differential cure rates” present a 
greater challenge for thick composites and lead to poor structural properties and also that 
the solution of microwave curing only reduces the problem but does not eliminate it.  
Kim and White have claimed that if the exterior cures before the interior it could lead to 
non-uniform fiber distribution and void formation inside the composite 32 . A 1984 G. E. 
Patent 33 also states that non-uniform cure may lead to delamination or warpage in case of 
thick tape pultrusion. Fig. C.4 shows that as the pultruded part becomes thicker, the center 
does not reach required temperature and remains uncured as it exits the die.  
 
 
      
Fig. C.4: As thickness increases interior temperature lags behind surface temperature. 
Temperature at center vs. die position for Ny6/ATBN composites (left). As thickness 
increases, the degree of cure of the interior decreases. Extent of reaction at center vs. die 
position (right). Pultrudate thicknesses of a) 0.329cm (b) 0.658 cm (c) 0.987 cm (d) 
1.316cm and (e) 1.645 cm. Pulling rate of 25 cm/min and die temperature of 195°C 34. 
 
 
Fig. C.5: Degree of cure at center is lower than at outer surface. Predicted cure profiles for 
graphite/epoxy and fiberglass/epoxy systems at die exit in a 3/8” circular die with pull 
speed of 12”/min 35.  
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 It is clear from Fig. C.5 that for higher resin content, the difference in degree of 
cure increases. The die in the above case is only 3/8” diameter. If the die diameter was 
larger this gradient would be much greater. 
Uneven cure occurs if heating time is insufficient and is a common problem in pultrusion. 
Thermal Spiking: Due to the low thermal conductivity, heat travels slowly from exterior 
to interior. For thick composites, by the time the interior heats up and begins to cure, the 
exterior has already been cured into a hard mass. The exothermic nature of curing leads to 
heat release and this heat stays trapped in the interior since composites are generally 
designed to have low thermal conductivity. This promotes very high heat buildup in the 
interior and may consequently result in temperatures higher than the thermal degradation 
temperatures of the matrix 36 which affects the physical properties significantly 27, 32. 
 
                                            
Fig. C.6: Thermal spikes. The center point node of glass/polyester plate of 2.54 cm 
thickness 37 (left); The center temperature is about 40°C above MRC (Manufacturer 
recommended cure temperature) (right) 38. 
 
 Fig. C.6 shows that the temperature at the center jumped about 40°C above the 
temperature of the autoclave due to exotherm from the curing reaction.  Parthasarathy 39 
and Mallick 40 have worked to control thermal spiking in their respective works. Kosar and 
Gomzi’s model for curing of polyester 41 claims that higher initiator concentration 
increases the magnitude of the spike. 
 Other workers 29, 42, 43 have also mentioned the detrimental effects of thermal 
spiking and it’s particular significance for the curing of thick composites. Thermal spiking 
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is typically associated with long heating times and is a problem for the autoclave curing of 
thick parts. 
Sedimentation of fillers: In most composite systems particulate fillers (talc, carbon black, 
calcium carbonate, tire powder, etc) are added to the matrix resin in addition to 
reinforcement. Their purpose may be to alter viscosity, reduce crack propagation, etc.  
Employing high autoclave or die temperatures for extended time reduces the viscosity of 
the monomer. The difference in density between monomer and filler causes the filler to 
sediment under the effect of gravity as shown in Fig. C.7. For large crossection composites 
this may cause altered filler distribution which may significantly affect properties 42, 44.  
 
                            
Fig. C.7: Schematic of sedimentation of filler under gravity. 
 
Cost of Heated Die: For larger crossections, maintaining a large volume die or mold at 
high temperatures involves a large energy cost. The number of heaters required also 
increases with part size.   
 Thus, while there is an urgent need to manufacture low cost, thick section 
composite parts, optimization of existing methods employing thermal bulk curing 
techniques can only offer limited progress. Various workers have researched different 
methods to find a solution to this problem 27-29, 31, 33, 45-48. It is possible that looking into an 
alternative polymerization technique may offer promising results.  
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3. FRONTAL POLYMERIZATION: 
 Frontal Polymerization was first carried out in 1972 in the erstwhile Soviet Union 
when Chechilo and Enikolopyan extended the approach of ‘Self-propagating High 
temperature Synthesis’ (SHS) to the polymerization of methyl methacrylate under high 
pressure. The mechanism used was free radical polymerization and high pressure was 
required to suppress instabilities and the boiling of monomer.  
 Polymerization reactions are highly exothermic in nature 49, 50. When heat is 
supplied at one end of the reactor, the polymerization reaction that is initiated locally 
generates sufficient heat to heat the next monomer layer and when this layer polymerizes, 
the exothermic heat initiates polymerization in the following layer and so on. Thus, a 
localized reaction zone or ‘front’ propagates throughout the reactor 51. John A. Pojman, one 
of the pioneering investigators in the field defines frontal polymerization as “a mode of 
converting monomer into polymer via a localized reaction zone that propagates through the 
coupling of the heat released by the reaction and thermal diffusion” 52. Frontal 
polymerization (FP) is a self-propagating, autocatalytic reaction and the front maybe 
considered to be a ‘liquid flame’ that burns the monomer and leaves behind a trail of 
polymer. The process maybe thought of as analogous to the burning of a cigarette.  
 
 
Fig. C.8: Schematic of frontal polymerization with a descending front 49. 
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 Fig. C.8 shows a descending polymerization front in a test tube. There is a layer-to-
layer transfer of heat, resulting in a polymerization front. 
Necessary conditions for FP 42, 49: 
- relatively high boiling point of monomer 
- high activation energy 
- low rate of reaction at ambient temperature (so as to prevent bulk polymerization) 
and high rate at front temperature  
- rate of heat release at front temperature should exceed rate of heat loss from system 
(i.e.) exothermic energy from the reaction must be able to support the reaction front. 
Characteristic features: 
Constant front velocity is possible: A unique property of FP is that the graph of front 
position (distance traveled by front) vs. time comes out to be a straight line, the slope of 
which is the front velocity 52.  
  
Fig. C.9: A typical front position vs time graph for FP of n-butyl acrylate with AIBN 42 
(left),  Position vs time graph of n-Butyl acrylate frontal polymerization with various 
concentrations of AIBN 53 (center) Effect of initiator concentrations on front velocity in 
Methacrylic acid polymerization fronts (right). 
 
 
 This constant front velocity maybe controlled by changing the initiator type and 
concentration as illustrated in Fig. C.9 It is also affected by monomer concentration 54. It is 
the initiation step of the polymerization mechanism (which will be discussed in the next 
section) that contributes the most towards the activation energy 49, 55. Therefore, a rather 
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high initiator concentration of around 1wt% 56, 57 is needed to sustain a front and front 
speeds are of the order of a cm/min. Front velocities are often power functions of initiator 
concentration 49. 
 Huh 58 also found that front velocity is affected by type of monomer and tube 
diameter. Pojman studied the effect of tube rotation 59 and unreacted monomer density 60 
and Barleko 61 showed that addition of filler also plays a role. 
Characteristic temperature profile: After external heat is supplied and a short induction 
period during which the initial layer of monomer polymerizes, the temperature suddenly 
rises by up to 200°C within a few mm 62. Hu et.al 63 state that the observation of such 
characteristic temperature profile is a way to verify that pure FP is occurring and that the 
process is not accompanied by any bulk polymerization. Front temperatures may be as high 
as 200-220°C for free radical polymerization of vinyl monomers 64, especially acrylates but 
temperatures as low as 63°C have been observed for urethane-acrylate polymerization 65. 
                                   
Fig. C.10: Characteristic temperature profile for FP. Polymerization of Unsaturated 
polymester resin with 30 wt% styrene with 2 mol% BPO 66. 
 
 
Easy Visualization: Because of difference in refractive index between monomer and 
polymer a clear boundary between unpolymerized and polymerized material is seen, at 
least in a case of transparent materials 49, 62. Also, Pojman et.al have used bromophenol-
blue, a free-radical scavenging dye to monitor the front 67. Such dyes help identify 
monomer from polymer by naked eye. This method is now becoming a popular to monitor 
fronts 68 and can be seen in Fig. C.11 (right). 
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Fig. C.11: Images of descending front of TEGDMA 69 (left) and descending front of 
HDDA using bromophenol-blue 68 (right). 
 
 
Direction of Propagation: Polymerization fronts can be generated by heating the top layer 
of the monomer in a cylindrical reactor in which case the fronts are descending. This is the 
most studied case. By suspending photoinitiators in the center of a highly viscous monomer 
mixture and exposing to UV light, Pojman et.al have also created spherically propagating 
fronts 69. 
 The front may also be allowed to propagate in an ascending manner (i.e.) by 
supplying heat from the bottom of the reactor. In this case buoyancy-driven convection 
from the unreacted monomer may act to extinguish the front. Convection also acts to 
quench horizontally propagating fronts 62. However, ascending fronts have been 
successfully exploited in material synthesis 29, 52, 70 and mathematical modeling works 71, 72 
have been devoted to this case.  
Thermal or Photoinitiation: In order to generate a polymerization front an energy input is 
required to initiate the front. Such energy maybe supplied in the form of heat (i.e.) thermal 
initiation or light (i.e.) photoinitiation. Thermal initiation in experimental FP systems is 
commonly done by using a soldering iron. A hot plate may also be used for thermal 
initiation. Light for photoinitiation maybe supplied either as visible light of known 
wavelength as is common in curing of dental composites or from a UV lamp. Nason et.al 
have used photoinitiation for FP of various acrylates 73 and Cabral et.al 74 used UV initiated 
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FP for microfluidic applications. Although photoinitiation eliminates requirement of high 
temperature for initiation it requires the system to be transparent to light.     
Mechanism of Frontal Polymerization: 
 Our discussion will be limited to the best studied free radical polymerization 
process. Washington and Steinbock’s review 49 claims that frontal polymerizations with 
free-radical initiators proceed in a similar fashion as conventional free-radical 
polymerization with the exception of the localization of reaction zone leading to the control 
of synthesis temperature. An in depth discussion of free-radical polymerization is provided 
in chapter 3 of Odian’s book “Principles of Polymerization” 50. 
 Frontal free-radical polymerization proceeds in three major steps as follows: 
Initiation: This step comprises of two reactions. When energy is supplied in the form of 
heat or light the initiator molecule undergoes homolytic dissociation to form two free-
radicals.  
I                           2f R•   
This is followed by the addition of radical to a monomer molecule to form a monomer 
radical. 
R•   +   M                         M1•    
Since the dissociation step is rate determining the initiation rate is given as: 
Ri = 2 f kd [I]                      where f is initiator efficiency, [I] is initiator concentration and kd 
is rate constant for dissociation reaction. 
By Arrhenius law,  
kd = Ad exp(-Ed/ RTa)         where Ad is frequency factor and Ed is activation energy for 
the initiator dissociation reaction, R is gas constant and Ta = ambient monomer temperature  
Propagation: The monomer radical then combines with another monomer molecule 
producing a radical that is larger than the previous one by the molar mass of one monomer 
kd 
ki 
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molecule. This step repeats successively. In this manner monomer molecules add onto the 
radical site, eventually leading to a growing polymer chain. This is the heat producing step. 
M1•   + M                        M2•    
 
M2•   + M                        M3• 
and so on. 
Mn•   + M                        Mn+1•      
Thus, the propagation rate is given as: 
Rp = kp [M] [M•]         where [M] is the monomer concentration and [M•] is the total 
concentration of all radicals of size M1• or larger. kp is the polymerization rate constant 
given by Arrhenius law as: 
kp = Ap exp(-Ep/ RTa)   where Ap is the frequency factor and Ep is the activation energy 
for the propagation reaction. 
Termination: When a growing polymer chain meets another chain or a dissociated radical, 
the radical sites form a σ bond, thus forming a polymer molecule which cannot grow 
further. This is called termination by coupling. Termination may also occur by chain 
transfer (hydrogen abstraction) in which case one of the polymer molecules ends up with a 
double bond at one end. 
Mm•   + Mn•                         Mm+n     (polymer)   
 Thus, in a simplified and relevant case where termination is exclusively by 
coupling, the rate of termination maybe given as: 
Rt = 2 kt [M•]2 or [M•] = (Rt/2 kt)1/2 
 Investigators have considered frontal polymerization to be a ‘steady state’ or at least 
a ‘quasi steady state’ process for the purpose of mathematical modeling 51, 75-78. This 
kp 
kp 
kp 
kt 
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assumption implies that rate of change of radical concentration in the system does not 
change 50.  
Applying the steady state assumption, 
Ri = Rt, which on substituting into the propagation rate equation gives: 
Rp = kp [M] (f kd [I] / kt)1/2 
 The above equation gives the propagation rate for free-radical frontal 
polymerization.  Thus, it is the propagation step that produces the major heat release 
required for self propagation. The composite or effective activation energy for the entire 
polymerization process is given by 50: 
Eeff = Ep + Ed/2 – Et/2  
where Ep, Ed and Et are activation energies of propagation, initiator dissociation and 
termination respectively. However, it is the initiator dissociation part of the initiation step 
that ensures a polymerization front 79 since there is a significant difference in reaction rate 
between reaction zone and unreacted zone. This is because the second term Ed is the largest 
in magnitude of all the three terms in the right hand side of the above equation 49, 55. This 
also explains why the initiator concentration has such a significant influence on the front’s 
existence, front speed and temperature profile. 
 To maintain a localized reaction front the exothermic heat generated by the 
propagation step during polymerization of one layer of monomer must be sufficient to 
induce initiator dissociation in the next layer of same size.  
 A simple heat balance in the primary heat generating propagation step gives the 
equation:  
ρ Cp (∂T/ ∂t) = λ (∂2T/ ∂x2) +  (-∆HR) [I]1/2 [M] Ap exp(-Ep/ RTa)  
 The left hand term is the heat required to raise the next layer of monomer to the 
front temperature. The first term on the right hand side represents conductive heat flux 
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through the polymer whereas the last term represents heat generation from curing. Here ρ is 
the average value of density, Cp is specific heat of monomer, λ is thermal conductivity, 
∆HR is the heat of the propagation reaction. The above equation is written in different ways 
in various mathematical modeling works 29, 71, 76-78, 80 and is the basic step assumed in all 
the analyses. It does not consider heat losses in the reactor. 
 Jeszenszky 81 and Garbey 71 have provided expressions for front velocity but neither 
explains the effect of initiator concentration on front velocity. Comissiong 76 derived an 
equation for adiabatic front propagation velocity. This maybe written as 
u2 = κ R Ta2 [I]1/2 Ap exp (-Ep/ RTa)   
           q M Ed 
where κ is thermal diffusivity given by λ/ ρCp , 
q is rise in temperature induced per unit of reacted monomer given by (-∆HR)/ρCp 78 
Ta is the adiabatic final temperature given by T0 + qM ( T0 is ambient temperature or 
temperature of monomer) M is monomer concentration, I is initiator concentration. 
 The above equation involves parameters relating to the polymerization process and 
shows that front speed increases with initiator concentration as has been proved. It is an 
equation for front speed taking into account complete conversion, which is desirable in our 
case. We shall use this equation in our numerical analysis section. Polymerization fronts 
may not always propagate as simple planar fronts 55, 82. However, our interest is limited to 
steady state planar front propagation for material synthesis.  
 The stability of polymerization fronts is decided by the Zeldovich number given by 
Z = Ta – T0    Eeff__  
         Ta         RTa 
When Z < Zcr =  8.4  planar mode is stable; Z > Zcr =  8.4 planar mode is unstable 69, 83 
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 We shall use this criterion to check the stability of a planar front in mathematical 
analysis. Bowden et.al 80 have provided an expression for the critical viscosity of the 
monomer system under which ascending polymerization fronts become unstable.  
νc =            g β q κ2          _                       
         5 u3 + 40 (2π κ/ D)2 u 
where g is acceleration due to gravity, β is the coefficient of thermal expansion, u is front 
velocity and D is the diameter of reactor.  
 When system viscosity exceeds νc a stable, planar ascending front is observed 80.  
 
4. METHOD SELECTION: 
 Frontal polymerization offers the choice of direction of propagation and also 
initiation method and to design a process for continuous production of thick composite the 
correct conditions have to be selected carefully. We shall design our unit to fabricate a 
composite cylinder of about 100mm diameter and 0.5m length. 
Selection of Thermal Initiator: The problem with photoinitiation is that the method 
requires the system to be transparent or at least permeable to UV radiation. Growing 
concerns regarding the health and safety of workers exposed to radiation make this choice 
even less attractive 84, 85.  
 These considerations lead us to select thermal initiation over photoinitiation. 
Several thermal initiators of different activation energies are available. Conventional free-
radical initiators such as peroxides and nitriles produce gaseous products upon thermal 
decomposition 79. These bubbles affect kinetic studies of front parameters and more 
importantly are responsible for inhomogenities and voids in the product 68 which are highly 
undesirable in case of a high quality composite material. To eliminate such bubbles earlier 
investigators used high pressure reactors and recently researchers have used persulfate 
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initiators in their studies 65, 68. However, commonly available persulfate initiators are 
insoluble or sparingly soluble in organic media. To counter this problem Masere 86 has 
invented gas-free initiators which are soluble in organic monomers . One of these products 
tricaprylmethylammonium (Aliquat) persulfate (APSO) has shown good solubility in 
organic monomers without producing color. It has an Ed value of 148 kJ mol-1 which is 
comparable to that of commercial peroxide and nitrile initiators. Further, it supports frontal 
polymerization in acrylic monomers.  
Selection of Ascending Front: Spherical fronts are eliminated due to the fact that they are 
possible in only specific systems and so far only with photoinitiation. Horizontal FP fronts 
have been proposed in a pultrusion process by Pojman et.al 42 but this would mean that for 
a thick composite, if curing is not quick enough or if resin viscosity is relatively low, 
sedimentation may occur in the time the pultrudate travels from resin bath to mold.                                        
Descending fronts suffer from fingering due to Rayleigh-Taylor instability 42, 79. 
 Additionally, there will always the question of supplying monomer and 
reinforcement at the same time to a vertical tubular reactor from under the polymer. 
 Ascending fronts are subject to convection due to which exothermic heat from 
below may serve to heat up the entire unreacted monomer instead of just a localized zone. 
This is a significant challenge but the problem can be overcome by reducing the size of the 
unreacted monomer layer. Chekanov 70 has managed this by controlling supply of 
monomer-initiator mixture to a growing polymerization front. They claim that “the stability 
of a front with an infinite layer of monomer above it is very different from the case of a 
narrow layer” 52. This proposal uses the same concept.  
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Fig. C.12: Schematic of continuous monomer feed system to an ascending front 70 (left), 
it’s temperature profile (center) and temperature profile of front measured at two different 
points (right). 
 
 As seen in the Fig. C.12, the plateau between the front and air represents the liquid 
monomer above the front and the convection occurring in this region. However, this 
convection is insufficient to quench the front as the layer thickness (L) is only 5mm.  The 
value of L is to be kept nearly constant throughout the process. 
 The plot the right in Fig. C.12 shows that temperature profile retains its shape over 
a distance of 30 mm which means that ascending front propagation with constant L is a 
steady state process. Chekanov 70 has successfully created ascending fronts with L=25 mm 
in 14 mm diameter tubes and shown that front velocity will increase with  L until L 
becomes so large as to quench the front because of convection. 
Hypothesis: If ascending front propagation with constant L is a steady state process then 
pulling the polymer form below the front at front velocity will also be a steady state 
process. This is justified as long as the monomer crosslinks rapidly. In Fig. C.13, u = vdraw 
                     
 Fig. C.13 Schematic of proposed idea. 
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Selection of TEGDMA Monomer: Here we shall restrict ourselves to a high boiling 
monomer that has been shown to support polymerization fronts and also polymerizes to 
produce a high strength matrix for composite materials. Triethylene glycol dimethacrylate 
(TEGDMA), a crosslinking diacrylate satisfies these requirements since it supports 
ascending fronts 79 and has been used in pultrusion 87. It’s boiling point is 170-172 °C at 
5 mmHg, density is 1.092 g/mL at 25 °C 88 and viscosity is 11 centipoise at 25 °C 89. Upon 
polymerization the homopolymer has a Tg of about 97 °C, tensile strength of 235kgf/cm2 
and compressive strength of 1500kgf/cm2 (about 150 MPa which is roughly 37% of the 
value for structural steel) 90. TEGDMA shows a volumetric shrinkage of about 12wt% 
upon polymerization 91. Further, our chosen thermal initiator, APSO is quite soluble in 
dimethacrylates. Chekanov et.al have used this system in their study 70.  
 
 
5. PROCESS DESIGN: 
Reactor and Equipment description: The reactor to be used is a thick walled glass tube 
of 100mm internal diameter that is open at both ends. A lip will be provided at the upper 
end so that the monomer can be fed into the front without causing unnecessary turbulence. 
The length of the tube from the bottom to the lip maybe fixed at 600mm. 
At a distance of 20mm from the bottom end of the glass tube a 0.5mm hole will be drilled 
in order to fit a thermocouple. After fitting the thermocouple such that the probe does not 
protrude any more than 2mm from the hole, it may be sealed back with adhesive. 16 such 
holes are to be drilled at a distance of 20mm from center to center.  
 The lower end of the glass tube is to be attached to a shallow copper vessel of 
100mm internal diameter with a thin bottom and an undercut at the top. An O-ring gasket 
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will prevent leakage of monomer between the glass tube and the copper vessel. The first 
thermocouple is fitted between the O-ring and glass. The copper vessel should have a depth 
of no more than 10mm from the bottom surface to the undercut. It will be fitted with two 
pairs of support rods with collars at the end so that they can be fixed on vertical column 
stands with lock pins. To simplify the attachment of fibers, their ends maybe tied to a steel 
net of nearly the same diameter as the bottom of the copper vessel and the net maybe either 
fitted to a slot or welded at the bottom. The copper vessel actually has a two part 
construction for easier machining and to reduce cost as shown in Fig. C.14. Only the 
bottom plate (Part 2) needs to be made of copper and the outer ring (Part1) maybe 
machined from steel or a lower thermal conductivity metal. The two are fitted with screw 
threads. For sake of brevity, the entire assembly of Part 1 and Part 2 (Fig. C.14) is referred 
to as ‘copper vessel’. 
                      
Fig. C.14: Schematic of the copper vessel and junction of glass reactor.                                                             
 
 
 Any standard hot plate with temperature calibration and two vertical column stands 
(similar to burette stands) fitted at the sides can be used. The column stands should have 
holes to accommodate lock pins. 
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Equipment: 
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Fig. C.15: A schematic of each step of the process for thick crossection composite 
production. 
 
Operation:  
Pre-initiation: The equipment is initially set up as shown in the pre-initiation step (Fig. 
C.15). The monomer is filled up to an experimentally predetermined level of height L (>40 
mm) from the surface of the copper vessel. The copper vessel at this point is supported on 
its supports using lock pins. It is not in contact with the hot plate’s column stands. The hot-
plate is heated to the predetermined ignition temperature and is lifted to meet the bottom of 
the copper vessel. This is the end of the pre-initiation part and beginning of initiation.  
Initiation: During this phase heat transfer takes place from the hot plate to the resin through 
the thin bottom surface of the copper vessel. After a short induction period (known 
experimentally), the front is generated and begins to propagate at constant speed. Since 
frontal polymerization is highly exothermic, temperature gradient of over 100°C is created 
over a span of 5mm. When initiation begins, the copper plate is freed from its own supports 
and is manually fitted onto the column stands on the hot plate using lock pins. 
 As soon as the first thermocouple (T1) located at the junction of the glass reactor 
and copper vessel detects a temperature of 100 °C (assuming ignition temperature is 
higher), the operating program instantly reads this value and starts a timer. Also it instructs 
the valve to open and allow monomer to flow at a default flow rate which is set at the 
estimated front velocity based on earlier experiments. The hot plate is manually switched 
off at this point. When the second thermocouple (T2) detects a temperature gradient of 
100°C between its junctions, the program reads the timer and since all thermocouples are 
positioned 20mm apart the front speed (u1) is calculated. The program then adjusts the 
valve actuator according to the front speed (u1). When T3 detects 100°C front speed u2 is 
calculated by averaging u1 and the speed between T2 and T3. The valve actuator is then re-
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adjusted to feed at speed u2. u3 is the average of u1, u2 and the speed between T3 and T4. 
 This averaging method ensures that the thickness of the unreacted monomer layer 
‘L’ is kept constant based on the front speed and that sudden changes in front speed (due to 
turbulence or local inhomogenities) do not affect L. The averaging continues over the first 
7 thermocouples until u6 is obtained.  
Pultrusion: As soon as T7 detects 100°C and u6 is calculated, the program, in addition to 
adjusting the feed rate from the valve actuator, sends instructions to the motion controller 
of the pulling mechanism. This drives the DC step motor to run at a specific rpm at which 
(based on the lead of the screw), the carriage moves downward at the speed of u8 and 
carries the hot plate and the copper vessel with it. If the front does move ahead to T8, the 
program detects the new speed u7 (>u6) and increases both the feed rate and drawing rate.  
 Since the front is steady state it should eventually stop advancing as the formed 
polymer is drawn downwards. The program attempts to localize the front over the distance 
of the next 5 thermocouples (T9 to T13) or 100mm. The purpose of the next two 
thermocouples is to push the front down. Ideally the front should not reach T14. However, 
if T14 does detect 100°C the program instructs the motion controller to pull at 1.5 times the 
front speed (u13) until it reaches T10. If T15 detects the front the pulling mechanism draws 
the polymer at twice the front speed until it reaches T10. T16 is the final thermocouple and 
ensures process safety. If the front crosses this thermocouple the program cuts off 
monomer feed and eventually kills the front.         
Thermocouple System: The purpose of each thermocouple is to provide a temperature 
input to the computer program which assimilates the inputs from a given set of them and 
converts it into front speed. In order to minimize the size of the drill hole on the glass 
reactor the thinnest thermocouples are needed. K-type thermocouples have been commonly 
used by most workers to read front temperature.  
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Thermocouple: Omega 5TC-TT-(K)-30-(36) x16 units - 0.25mm probe, PFA insulated 92 
Interface: Omega OMB-DAQ-56 - 20 channel i/p, artificial ice point, USB connectivity93 
Valves and Feed Control: The unreacted monomer sits in a tank above the glass reactor. 
A pipe feeds the monomer into the reactor using gravity. Since it is necessary to maintain a 
constant layer of unreacted monomer of thickness “L” above the front, it is desirable to use 
valves that can control the flow-rate of monomer through the pipe. The valve in will 
control the size of the pipe orifice through which the monomer system flows under gravity. 
Electronically Controlled Proportioning Valves: Omega PV14-B – DC step motor 94. 
Process Controller: Omega CNi 1652 - PID control 95     
Pulling Mechanism: A lead screw slide with a rotating screw and a moving carriage is 
selected as the pulling mechanism. The DC step motor is directly coupled to the shaft. 
Lead Screw Slide: Kerk RGS10100 (Rapid Guide Screw) – 1000mm maximum travel 96 
Guide Rail: Kerk RGS 10T – linear guide 97 
DC Step Motor: Slo-Syn M06 – NEMA 23 type  
Motion Controller: Slo-Syn SS2000 Pci  
 
6. SUGGESTED EXPERIMENTS: 
 Before investing in any equipment to pultrude composites certain parameters of the 
ascending frontal polymerization system with TEGDMA monomer and thermal initiation 
maybe determined experimentally. A standard sized 1000mL glass beaker has roughly a 
100mm diameter and a flat bottom and should be adequate. It should be calibrated on 
length scale in mm. The monomer system may be designed by mixing 5wt% initiator with 
TEGDMA. The required amount of fiber rovings maybe substituted for by adding 
particulate fillers. If 50vol% filler is required in the composite then particulate filler like 
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Cab-O-Sil (an untreated micron sized fumed silica of density = 0.037 kg/L) maybe added. 
The weight fraction to volume fraction conversion may be done using the formulae: 
Filler volume fraction = [1+ density of filler( 1/wt fraction of filler - 1)/density of resin]-1 
Filler weight fraction = __density of filler x filler volume fraction                                       _ 
                       [density of resin +(density of filler – density of resin)x filler volume fraction] 
Effect of Ignition Temperature on Induction Period: Knowledge of this parameter 
enables us to set our hot plate temperature for the initiation step. A 40 mm thick layer of 
monomer system is placed in the 1000mL beaker. The hot plate is heated to a specific 
ignition temperature (say 100°C) and the beaker is placed on it when that temperature is 
reached. If a front is observed within 3 min then temperature and induction period are 
noted. Then the hot plate is set to a temperature 20°C higher than the previous experiment 
and the process is repeated. The experiment is continued until a front is observed. A curve 
of ignition temperature vs induction period will be obtained. Induction period is expected 
to decrease with temperature. 
Effect of Monomer layer thickness “L” on Front Speed: Although front speeds can be 
predicted within an order of magnitude by calculation, lack of precise knowledge of 
parameter values, the assumption of infinite tube diameter in formulas and the effect of 
heat losses may greatly affect front speed. Knowledge of front speed should be as accurate 
as possible since a default front speed has to be provided to the computer program. 
The hot plate will be heated to ignition temperature for all cases in this experiment. A 
40mm thick monomer layer (L = 40 mm) will be placed in the 1000mL (with length 
calibration) beaker and as soon as front is observed, it’s progress will be recorded with a 
video camera. The experiment will be repeated with L= 50, 60, 70 and 80mm.  
 According to Chekanov, the front will either adjust its speed to the L value or just 
not propagate 70. By careful observation of the videotapes, the most stable, planar front 
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which propagates the fastest will be chosen. Thus, we can experimentally determine the 
vital parameters of ‘L’ and ‘front speed’. 
 
7. MATHEMATICAL ANALYSIS : 
Estimation of experimental front velocity (u): 
Typical FRP structures have a fiber: resin ratio of 50% vol/vol.  
Ö For 1L total volume, filler volume (VF) = 500mL, matrix volume including initiator 
(VM) = 500mL 
Ö VM = volume of resin monomer  (VR)+ volume of initiator (VI)  
Considering 5% by volume of APSO initiator, 
500mL = 475mL + 25mL APSO 
Density of APSO (ρAPSO): Since this is unknown, density of Tricaprylmethylammonium 
chloride (~0.88 g/cm3) is used. Hence, ρAPSO = 0.88 g/cm3 
Total mass = 475 x ρTEGDMA + 25 x ρAPSO 
= 475 x 1.09 + 25 x 0.88 
= 518g TEGDMA + 22.5g APSO 
Therefore, Monomer Concentration (M): 
M = 518/ Molar mass of TEGDMA = 518/ 286.3 
Ö M = 1.81 mol/L 
Initiator Concentration (I) 
M = 22.5/ Molar mass of APSO = 22.5/ 500.5 
Ö I = 0.04 mol/L 
 The activation energy of propagation (Ep) and termination (Et) and the frequency 
factor Ap for TEGDMA were not available from literature. Being a methacrylate monomer, 
its kinetic parameters will be closest to methyl methacrylate (MMA). Odian 50 reports these 
values for MMA on page 270 of his book as  
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 Ep = 26.4 x 103 Jmol-1 ; Ap = 8.7 x 105 Ls-1mol-1; Et = 11.9 x 103 Jmol-1  
We shall use these values for TEGDMA. 
Applying typical values for free-radical polymerization as used by Spade and Volpert 78 to 
estimate the other constants: 
q = 33 LK mol-1; κ = 1.4 x 10-7 m2s-1; 
For APSO we know Ed = 148 x 103 Jmol-1 86 
Assuming monomer to be at room temperature before initiation, T0 = 298 K and                  
R = 8.31 JK-1 mol-1   
Ta = T0 + qM = 298 + 33 x 1.81 = 357.7 K 
 As mentioned earlier, square of front velocity is given by: 
u2 = κ R Ta2 [I]1/2 Ap exp (-Ep/ RTa)   
           q M Ed    
=  (1.4 x 10-7)x(8.31)x(357.7)2x(0.04)1/2x(8.7 x105 ) exp[-26.4 x103 / (8.31 x 357.7)] 
                           (33) x (1.81) x (148 x 103 ) 
= 4.07 x 10-7 
Ö u = 6.38 x 10-4 ms-1 = 0.64 mms-1 = 38.2 mm/min = 3.8 cm/min = 2.3 m/hr  
Determination of Zeldovich Number (Z): 
Eeff = Ep + Ed/2 – Et/2  
      = 26.4 x 103 + (148 x 103)/2 – (11.9 x 103 )/2 
       Ö    Eeff  = 94.5 x 103 
 
Z = Ta – T0    Eeff__  
         Ta         RTa 
Z = (357.7 – 298)   94.5 x 103  
         (357.7)2   x 8.31 
      Ö    Z  = 5.3 
Since Z < 8.4 a stable planar front is expected to propagate 
Estimation of Critical Viscosity (νc): 
For a tube diameter of D = 200mm = 0.2 m; acceleration due to gravity (g) = 9.81 ms-2;  
Coefficient of thermal expansion for TEGDMA was studied by Soderholm 98 and this value 
of β = 110 x 10-6 will be used 
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νc =            g β q κ2                _                   
         5 u3 + 40 (2π κ/ D)2 u 
      =             9.8 x 110 x 10-6 x 33 x (1.4 x 10-7)2                        _ 
            5(6.38 x 10-4)3 + 40 (2 π x 1.4 x 10-7 / 0.1)2 x 6.38 x 10-4 
       Ö    νc  =  5.37 x 10-7 m2s-1 = 0.005 cm2s-1 
In Pa.s,  
νc =  5.37 x 10-7 m2s-1 x ρTEGDMA = 5.37 x 10-7 m2s-1 x 1.09 x 103 kg m-3 = 5.85 x 10-4 Pa.s 
 The viscosity of TEGDMA is 11 x 10-3 Pa.s 89 at room temperature. This value is 
about 18 times the critical viscosity (νc) which explains stable planar fronts with 
TEGDMA.  
 
8. CHARACTERIZATION: 
 The properties of the composite produced will be evaluated as follows: 
Degree of Conversion: DSC, FTIR, Bromine test 
Filler Content: TGA 
Compression Strength: Universal Testing Machine 
Impact Strength: Izod and Charpy Impact test 
Morphology and Filler distribution: SEM 
 
9. SCOPE AND SIGNIFICANCE: 
Thick Crossection Composite Manufacturing: The proposed process of pultrusion of 
composite produced by ascending frontal polymerization is a low cost, energy conserving 
process. The process will prepare composites with uniform cure distribution and will 
eliminate the problem of thermal spiking as envisaged by Khan and Pojman 42. Since 
sedimented filler will be evenly distributed, there will be no composition gradient. The 
pultruded polymer may have improved properties since frontal polymerization process has 
been shown to ‘lock-in’ otherwise incompatible materials and reduce phase separation 100. 
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An added advantage is that the process can be setup using off-the-shelf parts. 
Technological Significance: The proposed technique will impact the construction, 
aerospace, automobile and marine transport industry. Perhaps the man’s first construction 
on Mars will be made from thick section composites. 
Environmental Significance:  A rapid method of producing thick composites is expected to 
impact the furniture industry and would also be very effective to pultrude telephone poles 
and planks for boardwalks, thus saving scores of trees. 
Scientific Significance: Determination of various kinetic parameters and a quest to 
synthesize high boiling monomers as well as gas-free initiators for high temperature 
polymerizations will lead to advances in chemistry. In addition to this, it will open up the 
salient features of frontal polymerization to the scientific community.        
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MY RESEARCH: 
 My research is in primarily in the area of sol-gel chemistry. More specifically, I work with 
organic-inorganic hybrid materials and mesoporous silica and zirconia materials and apply 
the technology towards encapsulation and stabilization of enzymes in detergents. This 
proposal is substantially different from my research field. 
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